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ABSTRACT
ROLE OF THE BIOFILM IN METALS ACCUMULATION BY FUCOID ALGAE 
AND THEIR SURROUNDING ROCK SURFACE
by
Joan Lydia Beskenis 
University of New Hampshire, September, 2007
Both inanimate and animate intertidal surfaces including Fucus and Ascophyllum 
develop a biofilm that can bind metals contributed by non-point and point sources of 
pollution. The biofilm also functions as a habitat for the many organisms, i.e. bacteria, 
diatoms and other algal cells that are part of the biofilm and contribute to the 
polysaccharide matrix. Examinations of the biofilm were quantified by polysaccharide 
analysis using a spectrophotometer. Biofilm samples were recovered from both 
intertidal rock surfaces and the surface of the surrounding fucoid algae to determine if 
they bind Cu and Zn. Locations in Kittery, Maine differed by the amount of 
polysaccharides produced. The widespread cover of polysaccharides indicates that Cu 
and Zn may have a diffuse impact and accumulation in the intertidal zone.
A laboratory study was conducted using adult Fucus fronds to determine if Cu 
and Zn were accumulated in the biofilm as well as in tissue. Fucus was collected from a 
coastal site in Kittery, Maine and brought to the Jackson Estuarine Laboratory (JEL) 
where it was added to tanks o f seawater containing Cu or Zn at 5 mg L1. After three 
weeks the Fucus was used for Energy Dispersive Spectroscopy (EDS) as well as 
chemical analysis of the metals. The results from that indicated significant amounts of 
Cu and Zn were recovered from the biofilm and the Fucus tissue.
xii
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Because not just adult fucoid algae are exposed to Cu and Zn present in tidal 
waters, zygotes were exposed to combinations o f copper and zinc that ranged from 0.02 
mg I'1 to 2 mg f 1. Environmental parameters were also altered including salinity, 
particulate or dissolved organic matter, presence or absence o f a biofilm and pH. 
Germination and growth of the germlings was determined using a light microscope 
equipped with an ocular micrometer following 2 to 4 day exposure to treatments. 
Germlings of Fucus, following Cu and Zn exposure, do best when grown in 32 ppt 
seawater containing dissolved and particulate organic matter. In this static study, the 
presence of a biofilm on the glass slides did not improve germination or growth.
xiii
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GENERAL INTRODUCTION
The fucoid algae are a vital component of the rocky intertidal seaweed community in 
coastal and estuarine areas of the northwest Atlantic (Mathieson and Hehre 1986). Fucus spp. 
and Ascophyllum nodosum (Linnaeus) LeJolis provide shelter for juvenile fish and serve as a 
major source of nutrients and organic material via grazing and detrital food chains (Head 
1976). Fucus sp. has also been harvested for the extraction of the phycocolloid, alginic acid 
(Dawes 1981). Loss or reduction of these long lived canopy species (Ascophyllum nodosum 
15-19 years) (Keser 1981) and (Fucus vesiculosus Linnaeus 4-5 years) would be very 
destructive to the structure of the algal community (Vogt and Schramm 1991).
The intertidal zone in many coastal New England areas, however, is impacted by 
many non-point sources of pollution that contribute the metals copper and zinc. Impervious 
surfaces (roofs, parking lots and roadways) are important contributors of metals to 
waterbodies (Casco Bay Estuary 2005). Brake linings contribute copper that ends up in runoff 
from parking areas (Bannerman et al. 1993) while zinc is contributed by leaching from roofing 
materials (Bannerman et al. 1993). Marinas are also significant sources of copper and zinc 
with their impact increased because of their proximity to intertidal areas. (US Environmental 
Protection 1993) (US Environmental Protection 2001) Copper is used in anti-fouling paints 
on boats and is contributed to waters surrounding marinas by leaching from the paint and by 
paint chips scraped off during boat maintenance. Blake et al. (2004) found that at San Diego
1
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Bay, CA the primary source of dissolved copper is from copper-based antifouling paints used 
on boats. Toxic concentrations of copper have been found in marina waters (NCDEM 1991).
The purpose of this study was to examine the accumulation or toxic effects of Cu and 
Zn, from diverse and diffuse sources, on the fucoid algae, their biofilm and the biofilm on the 
surrounding substrata. The biofilm properties will be discussed in following chapters. The 
biofilm is included in this investigation of the effects of the metals on the Fucus and 
Ascophyllum because I view it as an integrator of habitats. Council on the Marine 
Environment in Maine (Tyrrell 2005) categorized habitats according to substrate, depth and 
biogenic types. They describe biogenic habitats as having high densities o f“structure-forming 
species that substantially modify the physical environment and consequently host a distinct 
ecological community”. For the rocky intertidal habitat examined, the questions posed were: 
what impact do the metals contributed by point and non-point sources have on the fucoid 
community and how might the presence of the biofilm mitigate the metals impacts as well as 
their distribution?
To examine these questions, the biofilm on the Fucus and surrounding substrata were 
examined to determine seasonal changes and spatial differences. The surfaces surrounding the 
adult Fucus or Ascophyllum are integral to the success of fucoid regeneration since zygotes 
and juveniles are typically found in highest numbers under the adult canopy. For example, 
Johnson and Brawley (1998) found settlement of eggs and zygotes to be 1-2 orders of 
magnitude higher under the adult canopy of Pelvetia compressa (J. Agardh) De Toni. Thus, 
knowing more about the habitat that the germlings occupy may help in providing means of 
protecting this vulnerable life stage. Dudgeon (2005) examined some physical constraints to
2
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zygotes survivorship including clearing size away from the effects of the canopy and 
“microhabitat refugia” the positive impact of grooves on survivorship.
The heavy metals copper and zinc were chosen for study because they are both trace 
nutrients for Fucus and Ascophyllum although at high concentrations they can be toxic.
Copper is required for electron transport in photosynthesis (plastocyanin) and is a part of other 
enzyme systems including cytochrome c oxidase (Gledhill et al. 1997). However, in high 
concentrations copper can affect the permeability of the plasmalemma which results in the 
loss of K from the cell. Zinc is an enzyme co-factor in dehydrogenases and while less toxic 
than Cu it can reduce the growth of Fucus and other Fucales (Stromgren 1979) when found at 
high concentrations. Both zinc and copper can also bioaccumulate in seaweeds (Bryan and 
Hummerstone 1973), (Phillips 1977; Phillips 1979), oysters and mussels (O'Connor and 
Lauenstein 2005).
The biofilm on the substrata surrounding the Ascophyllum or Fucus fronds is created 
by bacteria, algae, fungi that are all held within a matrix of polysaccharides, sometimes called 
extracellular polymeric secretions (EPS) (Decho 2000). The EPS, plus cell walls of the algae 
and cell membranes of bacteria, all contribute to the reduction of metals in the water column 
and their potential toxic effects via adsorption of dissolved or colloidal metals in the water 
column. The constituents of the biofilm have been described for freshwater sediments 
(Mittleman and Geesey 1985), marine sediments (Underwood et al. 1995), on seaweeds 
(Sieburth and Tootle 1981). Findlay and Watling (1998) examined them on rocky substrata in 
subtidal areas of Maine. Polysaccharides on the intertidal surfaces (i.e. fucoid algae and 
gravel surfaces) were used as a surrogate for the biofilm.
3
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Results of several investigations conducted in Great Bay Estuary, which includes 
sampling locations in Kittery, Maine, indicate elevated concentrations of aluminum, lead, 
copper and zinc contributed to coastal waters via stormwater runoff (Jones 2000). Typically, 
zygotes and germlings of the fiicoids are present in New England during periods of high 
runoff e.g. spring and early fall (Mathieson et al. 1976). A consequence of the runoff is the 
addition of metals, dissolved and particulate organic matter and altered salinity and pH in the 
tidal streams and estuaries. Increased amounts of dissolved and particulate organic matter can 
mitigate the impact of the metals on these vulnerable life stages by chelation or adsorption of 
the metals. Whether the organic matter in the water column or on the substrata does reduce 
the harmful effects of the metals will be examined in the paper.
The influence of environmental factors on the amount of free or biologically 
available Cu and Zn present in the coastal waters can be significant and may help to mitigate 
the effects of these metals on germination and growth of fucoid algae: F. vesiculosus and A. 
nodosum. Copper and zinc are contributed to estuarine areas via direct runoff or transported in 
tidal streams. The metals are contributed by sources in freshwater but once the freshwater 
plume mixes with saline waters the metal form and availability changes. The changes may 
alter the toxic effects of metals. Morel and Hering (1993) found that in seawater, about 7 % of 
the copper is in the free ionic form versus 3% in fresh water. The ionic form is the toxic form 
of the metal. Other environmental changes alter the bioavailability and toxicity of trace metals 
copper and zinc. It is hypothesized that changes in coastal land use can affect the local 
environment that also affects the presence and amount of Cu and Zn and their bioavailability. 
Ligands may bind the metals, they may be adsorbed to organic matter or desorbed with a 
change in pH or salinity. There are also ligands that are introduced by human activities such
4
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
as ethylenediaminetetraacetate (EDTA), which is used in cleaning products and is poorly 
biodegraded. EDTA has been found in groundwater, sewage effluents, drinking water and 
estuarine waters (Morel and Hering 1993). Organic ligands in river water, such as 
humic/fulvic acids, particulates, and dissolved organic carbon, may protect seaweeds from 
harmful effects of metals. Humic and fulvic acids are contributed to tidal rivers by the 
breakdown of organic matter in the freshwater marshes and wetlands. The loading of organic 
matter can differ by season as can the concentrations of dissolved organic carbon (DOC). Silt 
and clay particles can also adsorb metals.
The Kittery, Maine subwatersheds chosen for study differ in their land use patterns 
with Spmce Creek having the most commercial development and the unnamed creek to Brave 
Boat Harbor having the most forested land. The copper and zinc aerial loadings are higher 
from commercial land use than from forested or other land use types. The loading rates for 
copper from commercial land use ranges between 0.07-0.13 kg ha "'yearcompared to 0.02-
0.03 kg ha "'year "'for forest/woodland (Chesters et al. 1980). Zinc loadings from commercial 
development are over three times higher (0.25-0.43 kg ha "'year ')  than Cu loadings while for 
forested land use Zn loadings at 0.01-0.03 kg ha "'year 1 (Chesters et al. 1980) are similar to 
Cu. These are not the only sources of metals, but it indicates that some localized areas may 
have episodic increases in copper and zinc.
If residential inputs are compared to commercial inputs another pattern is seen. Roof 
runoff in residential areas in Wisconsin had a geometric mean of 10 pg 1 "' for dissolved 
copper and only 6 pg 1 "'contributed by roofs in commercial areas (Bannerman et al. 1993). 
However, total recoverable zinc from residential roofs was 149 pg 1 "'and from commercial 
roofs, which are often galvanized, it was 330 pg 1"'.
5
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Since copper and zinc are often found together in stormwater from both residential 
and commercial areas (Bannerman et al. 1993), their combined impacts on seaweeds may 
differ from when they are found alone. In this study they were studied in combination.
Both field and laboratory studies were done to examine the biofilm on the seaweeds 
and gravel substrata, and to identify the outcome of metals following their discharge into tidal 
waters. In Chapter 1, the constituents of the biofilm on Ascophyllum nodosum and on 
surrounding substrata are examined. Bacteria and the diatoms attached to these substrata can 
bind metals to their cell walls and produce polysaccharides that also have many binding sites 
for metals. The biofilm, as determined by their polysaccharides, was found to be present on 
both the gravel and the seaweeds with increasing amounts present in the spring. Spring is 
critical for increased runoff and fucoid germination as well. The combination of these factors 
may have some effect on fucoid success when metals inputs might have a negative influence.
In Chapter II, Energy Dispersive Spectroscopy (EDS) and chemical testing were used 
to determine the distribution of Cu and Zn within and on adult F. vesiculosus fronds. The 
fronds were exposed to metals while intact and harvested for study after 21 days. Cu and Zn 
were accumulated on the seaweed biofilm as well as in the host tissue. The biofilm may have 
acted to exclude metals and thus reduce the seaweed’s body burden.
The effect of Cu and Zn on zygotes and germlings of F. vesiculosus is examined in 
Chapter III. The particular parameters chosen for inclusion in this study are meant to help 
interpret the effects of natural conditions on life stages of fucoid algae. Zygotes and germlings 
initiated in the laboratory are exposed to low salinities and high suspended solids similar to 
storm events, tidal changes represented by low and high salinities and lowered pH with
6
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
reduced salinities. In August, slides with a previously developed biofilm were used to study 
zygote germination and growth.
7
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CHAPTER I
EXAMINATION OF THE BIOFILM ON INTERTIDAL SEAWEED AND ROCK
SURFACES
Introduction
Previous researchers used Scanning Electron Microscopy (SEM) to examine the 
spatial distribution of bacteria and epiphytes on algal substrata (Sieburth and Tootle 1981) 
(Sieburth 1979). The SEM revealed clusters and diffuse masses of polysaccharide producing 
bacteria and diatoms; however, surfaces observed using SEM are very limited in area and do 
not indicate continuous coverage of either bacteria or algae, although coverage is increased by 
spread of EPS. Typically, clusters were observed in non-grazed areas and in areas protected 
from wave action or desiccation.
The polysaccharides, which constitute the matrix of the biofilm, offer extensive sites 
for binding metals. Thus, the biofilm’s impact on metal removal in the intertidal zone is 
enhanced by the following criteria:
1. The biofilm should be widespread covering living and non-living surfaces;
2. It must have an affinity for metals;
3. It must be present throughout the year with opportunities for renewal of the 
sites for metal adsorption.
4. Increase when metals in the environment increase.
In this chapter, the above criteria are examined as they apply to the rocky intertidal 
environment.
8
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Background
An object submerged in marine or fresh water will quickly be colonized by bacteria 
that attach to its surface by releasing attachment polysaccharides. Rod shaped bacteria are first 
to colonize on hard surfaces followed by cocci and then vibrios and spirilli (Railkin 1988). 
Benthic marine bacterial communities are typically dominated by non-fermentative, gram- 
negative rods (.Pseudomonas, Vibrio Pacini 1854, and Bacillus Cohn 1872) that respond to 
changing environmental conditions by producing different types and amounts of EPS.
There are two types of bacterial EPS: capsule EPS and slime EPS. The slime 
polymers are composed mostly of polysaccharides (Decho and Lopez 1993). The slime EPS 
builds up during stationary-phase growth as opposed to capsule EPS which increases during 
log-phase and has a high protein content (Decho and Lopez 1993). The capsule EPS is 
typically composed of uronic acids and “other substituted sugars” that possess acidic 
functional groups such as free carboxyl groups. The net negative charge on the uronic acids 
attracts metals (Geesey and Jang 1989). Pseudomonas aeruginosa, a gram-negative 
bacterium often found in marine biofilms, produces large amounts of the acidic 
polysaccharide alginate which also provides binding sites for metals (Linker and Jones, 1966) 
(DeBoer 1981). The biofilm layer allows external metal accumulation by seaweeds, and can 
act as an impermeable barrier to metals hindering their accumulation within the host plant 
(Percival and McDowell 1981)
Following the development of the bacterial layer on substrata, other “fouling 
organisms” including diatoms and other algal cells can attach. The diatoms also release 
polysaccharides for attachment and for gliding on the surface of stones. EPS is extruded by 
diatoms through an opening in their silicon shells called the raphe that provides a means for
9
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diatom movement (Underwood and Smith 1998). The amount of EPS released is 
considerable; Underwood et al. (1995) found in diatom-rich biofilms that approximately 20- 
25% of the colloidal (water-soluble) carbohydrate present was EPS. Underwood et al. (2004) 
noted that nutrient limitation increased extracellular carbohydrate production in benthic 
diatoms since growth was halted while the cells continued to release fixed carbon in excess of 
their energetic requirements. Cyanobacteria and other phytoplankton produce EPS during 
periods of nutrient limitation when growth has ceased (Decho 1990).
Large amounts of EPS are produced by the bacteria on sediment surfaces (Allison and 
Sutherland 1984; Underwood et al. 1995). At the Severn and Tagus estuaries Underwood and 
Smith (1998) found 492-802 and 314-364 mg EPS m'2 sediment, respectively. Decho and 
Lopez (1993) found that the yield of slime EPS from stationaiy-phase cultures of 
Pseudomonas atlantica was 2.7 +/- 0.66 mg ml"1 of culture medium. Decho and Lopez (1993) 
examined EPS on natural sediments using cold-stage SEM at the sediment water-interface. 
Another example is Azotobacter vinelandii Beijerinck 1901 that can produce enough EPS to 
coat more than 500 particles (0.4-um diameter) per day (Allison and Sutherland 1984; 
Underwood et al. 1995).
Bacterial biofilms are integral to many facets of life in the intertidal zone. They are 
used in attachment to substrata by spirorbid polychaetes such as Janua brasiliensis Grube 
(Kirchman et al. 1982) and oysters (Weiner et al. 1985). They can also function in the 
inhibition of attachment as Maki et al. (1988) found for the barnacle Balanus amphitrite 
(Darwin). The binding of sand and clay surfaces by bacterial biofilms plays an important role 
in keeping surfaces from blowing or washing away (Yallop 1994). Deposit feeders such as 
the spironid worm Streblospio benedicti feed off the slime produced by bacteria (Decho and
10
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Lopez 1993). Bivalves also ingest particles from sediment biofilms (Decho 1990; Decho 
1994; Schlekat et al. 2000) The amphipod Leptocheirus plumulosus was found by (McCully 
1966) to assimilate Ag and Cd from bacterial EPS coatings.
Brown seaweeds produce both external and internal polysaccharides. The cell wall of 
the fucoids is composed primarily of alginic acid (60%) (Evans and Holligan 1972) (Quatrano 
et al. 1979) and 20% fucans (Boyd and Chakrabarty 1995). Alginate is a linear (1-4) linked 
exopolysaccharide of B-D-mannuronic acid and the C-5 epimer alpha-L-guluronic acid 
(Quatrano and Stevens 1976). Even Fucus zygotes just 16-24 hours old produce alginic acid 
in their cell wall (Haug and Smidsrod 1967), thus, providing sites for metal accumulation 
along the binding sites on the surface biofilm. Alginate is important in the accumulation of 
Ca, strontium and Mn in brown algae (Haug 1961), it functions in ion-exchange between sea 
water and in the plant. The affinity between divalent metals and alginate extracted from 
Laminaria digitata decreases in the order Pb> Cu> Cd> Ba> Sr> Ca> Co> Ni, Zn, Mn> Mg 
(Callow and Evans 1976).
Along with alginate, Fucus and Ascophyllum nodosum produce sulfated 
polysaccharides-fucan (Sakai et al. 2002). Eppley and Blinks (1957) found that the brown 
seaweed Kjellmaniella crassifolia yielded about 3.8 % dry weight fucoidan, which is a 
mixture of sulfated fucose-containing polysaccharides. The binding sites for metals on the 
surface of the Fucus may form “patches” from the polysaccharide “fucan” spread over its 
surface. Fucoid algae have a high cation adsorption capacity resulting from surface 
polysaccharides, as well as acidic and sulfated cell wall polysaccharides (Geesey and Jang 
1989).
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The surface of seaweeds may also have polysaccharides that are exuded from their 
thalli and are not part of the biofilm (Percival and McDowell 1981). Fucus and other brown 
algae give off an exudate of sulfated polysaccharides (fucans) following periods of desiccation 
(1997) and like other polysaccharides they also have binding sites for metals. Adsorption of 
metals by biofilms reduces the amount of biologically available metals in the environment and 
may provide protection to vulnerable life stages of seaweeds. The EPS production and 
function will be examined in this study.
Materials and Methods 
Both field and laboratory studies were conducted to examine the accumulation of the 
biofilm on substrata in the environment as well as the ability of the biofilm to bind Cu and Zn. 
The field study required the deployment of baskets containing gravel in several waterbodies in 
Kitteiy, Maine. The polysaccharides on the gravel and Ascophyllum nodosum, which grew 
adjacent to the baskets, were recovered, quantified and a portion of the constituent bacteria 
and epiphytic algae were enumerated.
The second part of this biofilm examination was a laboratory study to learn where 
metals accumulation occurred by the fucoid algae, Fucus vesiculosus. Fucus fronds collected 
from Seapoint Beach, Kittery, Maine were maintained in aquaria for 3 weeks while exposed to 
Cu or Zn. Following harvesting, a portion of the sample was used for polysaccharide analysis 
and determination of Cu and Zn bound to the polysaccharides on the Fucus. The metal 
concentrations were also analyzed from the algal tissue and matrix material to determine 
where the metals accumulated. The Fucus fronds were also used in the EDS study (Chapter 
2) to examine the distribution of metals at the cellular level.
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Field Methods
Five sites, including tidal creeks, coastal and estuarine waters were chosen for 
studying biofilm development. In choosing locations for inclusion, an effort was made to 
include sites with potentially different metal loadings based upon land use and with different 
types of organic matter also based upon land use. The locations in Kittery, Maine were:
1. an unnamed tidal tributary to Brave Boat Harbor (BBH01), Route 103 both the 
upstream and downstream sides o f Rte 103. This station was included because it 
has few sources of metals contributing to it. The major source would be runoff 
from Rte. 103. The land use of this watershed is composed of low density 
residential housing, wooded areas and some pasture land.
2. Spruce Creek (SC01), a tributary to Pepperrell Cove, sampled at Route 103. Many 
potential sources of Cu and Zn are in this watershed. Route 1, a four lane road 
located approximately 2 miles upstream of SC01 and shopping malls and parking 
lots dominate the land use.
3. Pepperrell Cove (PC01). PC01 was chosen because of direct runoff from an 
adjacent parking lot that is used by customers of a restaurant, grocery store as 
well as fishermen and other boaters using the boat ramp. Runoff from the many 
houses in this watershed that are located between the water and Rte. 103 is 
primarily “sheet” or overland flow rather than contributed to tributaries or storm 
drains.
4. Seapoint Beach (SP01), at tip of peninsula. Other than a few houses, there are no 
direct sources of metals in this watershed that drains to the ocean.
5. Chauncey Creek (CC01), a tidal tributary to Pepperrell Cove -collected below the 
Gerrish Island Bridge. Both sides of this tidal creek have paved roads running
13
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along side. Runoff from these roads flows directly into Chauncey Creek. Houses 
line the roads as well as a popular lobster restaurant which has on-street parking. 
A large part of the watershed is occupied by salt marsh, a good source of 








Figure 1: Map of sampling locations in Kittery, ME
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Stations Sampled for Polysaccharide Recovery
Month PC-G PC-A SC-G SC-A CC-G CC-A SP-G SP-A
Dec X X
Jan X X X
Feb X X
Apr X X X X X
Jun X X X
PC-Pepperrell Cove, SC-Spruce Creek, CC-Chauncey Creek, SP-Seapoint Beach
Table 1: Sampling matrix for gravel basket deployment (G) and Ascophyllum nodosum
(A) collections
Table 1 describes the sampling matrix for the tray deployment. Plastic trays (8 x 4 x 
x4 inch) were filled with washed Vi inch diameter gravel and deployed for biofilm 
development at the stations previously described. The trays were tied onto cinder blocks and 
buried level with the top of the basket in the lower intertidal zone. They were deployed for a 
period of two weeks during the winter and spring before they were retrieved, put into plastic 
bags that kept the surface gravel from being displaced while they were transported in coolers 
containing ice to the Jackson Estuarine Research Lab, Durham Point, New Hampshire. The 
trays were kept in the dark and refrigerated until they could be analyzed within a few hours of 
retrieval.
Three replicate gravel subsamples were obtained from the surface of each basket for 
polysaccharide analysis. Randomly chosen gravel was removed from the surface of the tray 
using tweezers and was added to glass test tube. They were brought to the laboratory at the 
University of New Hampshire for polysaccharide analysis. Water temperature and salinity 
measurements were made using a Salinity-Conductivity-Temperature meter (Yellow Springs, 
Inc model 33 ) or a refJactometer (Fisher-Scientific, Inc.).
Because many of the plastic trays were lost due to storms or vandalism, a different 
method was used for the June gravel samples collected at Seapoint Beach. Non-toxic, latex
15
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red paint coated the gravel and was used to create a 5 cm wide outline approximately one 
meter in diameter. Layers of washed, unpainted gravel, approximately 0.25 m thick, were 
used to fill the center of the square. The painted gravel created a readily visible marker that 
was not destroyed by storms that occurred during the sampling period. Gravel samples were 
collected only near the center of the square to avoid edge effects.
Laboratory Methods
Sample trays containing the gravel were deployed during December and January. 
Following their retrieval from an unnamed tributary to Brave Boat Harbor, Seapoint Beach, 
and Spruce Creek, bacteria present in the biofilm were removed from the gravel by sonication 
(Velji and Albright 1984). The surface layer of gravel was removed from the plastic trays and 
put into glass scintillation vials containing ten milliliters of sterile seawater and sonicated for 
30 seconds. The sonicated material was then used for culturing, polysaccharide analysis, and 
algal examinations. Subsamples of 0.5 ml and 1 ml were added to 10 mis of sterile DI with 
pyrophosphate and then filtered onto a 0.45 p filter. The filter was transferred to sterile petri 
dishes containing Difco Marine Agar 2216. The plates were held at 20 °C and 10 °C and 
checked after 3 days.
Samples of Fucus vesiculosus collected at Seapoint Beach were cut into sections (size) 
put into a scintillation vial containing sterile DI water. Part of the sonicated DI water collected 
from either gravel or seaweed sections were used for algal examination with a Wild inverted 
microscope. A 2% Lugol’s solution was used to stain and settle the algae that were identified 
to the lowest feasible taxonomic level and part was used in the polysaccharide analysis. The 
counts were determined by adding two drops of 2% Lugol’s solution to a 10 ml sample held in 
a counting chamber. The counting chamber was used with the Wild inverted microscope.
The counting chamber was left overnight to allow the algae to settle. Once the algae had
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settled, one or two scans across the counting chamber were made at 40 x to determine algal 
counts and algal identifications. The total number of cells per ml were determined by the 
following equation:
Algal count (cells per ml)=factor (63) x 10 ml
Polysaccharides are a major constituent of biofilms, so their recovery from gravel and 
seaweed surfaces provides an estimate of the spatial and temporal coverage of the biofilm. 
Pacepavicius’s (1997) spectrophotometric method was used to analyze the polysaccharides. 
Glucose was used to develop a standard curve for determining the polysaccharide 
concentrations in the samples. The procedure required five percent phenol solution (Fisher 
Scientific, Inc.), concentrated sulphuric acid (Fisher Scientific, Inc.), and a glucose standard 
(Fisher Scientific, Inc.) The phenol and glucose dilutions were measured using variable ratio 
Eppendorf pipettes of 1-100 and a 1-1000 pL sizes. The acid was measured and delivered 
using a modified 5 ml glass pipette with its tip removed to allow rapid delivery of the acid. A 
Perkin-Elmer Spectrophotometer Lambda-3B with 0.001 absorbance sensitivity, and an 
analytical balance (0.1 mg sensitivity) were used in the polysaccharide analysis. Absorbance 
readings were made at 485nm.
To prepare the glucose standard curve, 1 ml of de-ionized water with added glucose in 
concentrations from 0.01 to 1 ml were added to a test tube along with 1 ml of 10 % phenol. 
The samples were then mixed for 5 s on a vortex mixer followed by the rapid addition of 
concentrated sulphuric acid. The color was left for 10 minutes to develop and then the 
absorbance of the supernatant was scanned at 400-600 nm for the absorbance maximum.
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The polysaccharides on the gravel were removed and quantified by the following 
procedure:
• three or four stones were added to a test tube containing 1 ml of DI water;
• one milliliter of phenol was added and vortexed for 5 s;
• following vortexing, 5 mis of concentrated sulphuric acid were rapidly delivered;
• samples were left for ten minutes while the color developed;
• absorbance was read on the spectrophotometer;
• three replicates were analyzed from each sample tray;
• gravel was removed from each test tube, rinsed in DI to remove the acid;
• the width, length and height of each piece of gravel was measured using a caliper;
• the surface area of the gravel was calculated from these measurements and results 
reported as pg total polysaccharide cm'
Ascophyllum nodosum fronds were collected in the vicinity of the gravel trays. The 
intertidal seaweed samples were collected within 1 hour of their aerial exposure and 
transported to the Jackson Estuarine Laboratory in iced coolers. At JEL Ascophyllum 
nodosum was cut into a 10 cm segments starting from the first bladder. The segment was then 
put on a glass cutting surface previously cleaned with dilute HCL and rinsed with de-ionized 
water, this procedure was repeated between each sample. The surface of the A. nodosum was 
brushed with a toothbrush to clean off the biofilm. The brush was cleaned by swirling it in 20 
mis of de-ionized water. After cleaning the surface, the biofilm/water sample was added to 
trace metal clean plastic jars (Fisher Scientific, Inc.) and fixed with 0.2 mis of concentrated 
nitric acid (Fisher Scientific, Inc.). The samples were brought to the Wall Experiment Station 
(WES) in Lawrence, Massachusetts, for copper (EPA method 200.7) and zinc (EPA method
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200.7) analyses while the polysaccharides were analyzed following the procedure described 
for the gravel.
Polysaccharides were also collected from Fucus vesiculosus fronds which were part of 
a laboratory experiment to establish where Cu and Zn accumulate in the fronds. The 
collection of the biofilm was the same as described above for the A. nodosum. Other materials 
recovered besides the biofilm were “matrix material” intercellular polysaccharides and algal 
tissue.
Matrix material of the F. vesiculosus was obtained by crushing the frond with a mortar 
and pestle. The material was rinsed onto trace metal free glass fiber filters (Fisher Scientific, 
Inc) using 20 mis of deionized water. The filtrate was added to trace metal clean jars (Fisher 
Scientific, Inc.) and fixed with concentrated nitric acid.
The algal tissue was stored in open plastic bags to air dry. Following air drying, the 
material was cmshed using a mortar and pestle and brought to WES for analysis. The surface 
area of the algal segments was obtained by air drying the segments, photo copying them, 
cutting them out and weighing the cutout. A test square of known dimensions was cut from 
the same paper and also weighed. To calculate the area of the Fucus that was cleared, the
•y
cutout weight was divided by the test weight and multiplied by the test area in pg c m '. The 
surface area obtained was multiplied by two since the Fucus was considered to be a two 
dimensional surface.
Statistical analysis included the use of Systat and Statview 5 for the calculation of 
ANOVA’s, and post hoc test, Tukey HSD Multiple Comparisons.
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Results
Gravel and Ascophyllum as Substrata
Bacterial counts were performed on the gravel from the trays deployed at Brave Boat 
Harbor (BBH), Spruce Creek (SC), and Seapoint Beach (SP) during December and January. 
The geometric mean of bacterial counts at these three areas were: unnamed tributary to Brave 
Boat Harbor 7356 cfu/100 ml, Seapoint Beach 1034 cfu/100 ml, and Spruce Creek 16389 
cfu/100 ml (APPENDIX D). ANOVA’s indicated no significant difference between the 
bacterial counts of these diverse stations (p<0.05). However, descriptions of the dominant 
type of colony forming bacteria differed between locations (Figure 2). The bacterial colonies 
at Brave Boat Harbor (BBH) were dominated by yellow, orange and milky, runny, pink 
populations. The Seapoint Beach samples were dominated by tiny, red/orange colonies and 
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Figure 2: Geometric mean of bacterial counts grouped by habitats-BBH (head tidal 
creek), SC (mouth tidal creek), SP (coastal)
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Polysaccharide quantities increased on the Ascophyllum nodosum segments at all 
locations over the sampling period-December to April. Whether the A. nodosum was collected 
on the open coast (Seapoint Beach), an estuarine area (Pepperrell Cove), a tidal creek (Spruce 
Creek) increased polysaccharide concentrations were recovered from them as the water 
temperatures warmed (APPENDIX A, Figure 3, Figure 5).
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Figure 3: Mean polysaccharides on Ascophyllum nodosum from selected stations in 
Kittery, ME
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At Pepperrell Cove, the range of polysaccharides on A. nodosum varied from a mean of 13.3
2 2 pg cm' (n=4) in December to a high of 94.4 pg cm' (n=3) in April, the highest April reading.
The Spruce Creek and Seapoint Beach mean values of polysaccharides were smaller with a
narrower range of values over the same time period.
The concentration of polysaccharides isolated from Ascophyllum growing in 
Pepperrell Cove were compared with samples collected during Dec 1998, Jan, Feb. and April 
1999. The month the samples were collected had a significant effect on polysaccharide 
concentrations (p<0.000, r2 was 0.781). All months were significantly different from the 
concentration of the April polysaccharides on Ascophyllum using a Tukey HSD Multiple 
Comparisons, i.e. Apr to Dec. (p< 0.000), April to Jan (p<0.001) and April to Feb (p<0.000). 
Figure 5 shows increase over the months. When the effect of station by date was compared, the 
r2 was 0.755 and p<0.01; indicating that station location and date were significant. The mean 
polysaccharide concentrations on Ascophyllum (Figure 5) increased overtime, particularly at 
the tidal creeks. For example, the polysaccharide concentrations at Spmce Creek increased 
4.5 times from Feb to April, while at Seapoint Beach they increased 2.5 times.
The polysaccharides on the gravel substrata also increased during the spring (Figure 
4). At Pepperrell Cove the mean polysaccharides on gravel ranged from 9.5 pg cm'2(n=6) in 
December 1998 to 93.5 pg cm'2(n=6) in April of 1999, which was comparable to that on A. 
nodosum. At Seapoint Beach, the polysaccharide mean was 63.9 pg cm'2(n=6) in July 1999, 
while at Chauncey Creek it was 164.0 pg cm'2 (n=3) (Figure 4) in June, 1999. A slightly 
lower June value was found at Spmce Creek, i.e. 138.6 pg cm'2 (n=3) (Figure 4 ).
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Polysaccharide amounts recovered from the gravel baskets deployed in June at PC and 
SC were compared using ANOVA and indicated a significant difference between their means 
(p=0.0135). However, the r2 was only 0.209, indicating that for PC and a tributary that flows 
into it Spmce Creek, little variation was explained by location. However, when the gravel 
basket polysaccharides from June/July were compared from CC, SC and SP location was 
significant (p=0.001) with an r2 = 0.771. The post hoc test, Tukey HSD Multiple 
Comparisons, distinguished where significant spatial differences existed. They were between 
CC and SP where p<0.05, SC and SP where p<0.05. There was no significant difference 
(p>0.05) for gravel basket polysaccharides between SC and CC.
When changes in gravel basket polysaccharides were examined by month for 
December, February, and April at a single station (Pepperrell Cove), there was a significant 
correlation between month and polysaccharides, (p=0.000, r2, 0.781, n=18). The post hoc test 
Tukey HSD, indicated that December and February were not significantly different in their 
surface polysaccharides produced. Significant differences were found in the December to 
April (p<0.000) and February to April (p<0.000) samples.
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Figure 4: Biofilm on gravel measured as polysaccharides pg/cm2 at locations Seapoint 
Beach, Chauncey Creek, Pepperrell Cove, Spmce Creek, Kittery, ME,
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Figure 5: Mean polysaccharides pg/cm2 on Ascophyllum nodosum, winter to spring, 
stations Kittery, ME
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Figure 6: Mean polysaccharides pg/cm2 on gravel, winter to spring, Kittery, ME
26
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
The trend of the polysaccharides accumulation on gravel surfaces and on the surface 
of Ascophyllum (Figure 5 and Figure 6) indicate a slow increase on both substrata over time 
and with warming temperatures. The biofilms of SC and CC had the best development. 
Comparisons of the polysaccharide data from the two different substrata (Ascophyllum and the 
gravel trays) were conducted primarily from Pepperrell Cove samples in April. There were no 
differences in their means, which were 94.4 pg/cm2 for Ascophyllum (n=3) and 93.5 pg/cm2 
for the gravel (n=6), p<0.05.
Constituents of the biofilm on gravel substrata
APPENDIX D depicts the differences in community assemblage and counts for bacteria 
from three locations in Kittery, Maine that were sampled in December and/or January and 
April. The habitats are different for each station: BBH was located upstream on a tidal creek, 
SC was located at the mouth of a tidal creek, and SP was located on the open coast. Counts 
were lowest from the SP sample location (APPENDIX D), but it appeared to have the more 
diverse assemblage at the time examined.
When ANOVA was run on total counts of periphyton (which includes diatoms, 
cyanobacteria, various germlings, and filamentous bacteria) from gravel substrata placed 
adjacent to the fiicoid canopy, there was no significant relationship between count and 
location (p<0.01). The locations included in the comparisons were PC, SC and SP. 
APPENDIX F contains a list of the identified genera (Tomas 1997). Table 2 depicts the 
percentages of the different groups from rocky intertidal sites. Diatoms, especially Cocconeis 
sp. typically was the dominant constituent (APPENDIX A).
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Table 2: Microbial assemblages from rocky intertidal locations, Kittery, Maine
Dec/Jan April
Groups Algae SP-% PC-% SC-% SP-% PC-% SC-%
Diatoms 28 97 100 98 97 92
Cyanobacteria 24 0.0 0.0 0.4 0.0 0.0
Filamentous Bacteria 48 2.9 0.0 1.6 2.5 8
Germlings 0.0 0.1 0.0 0.0 0.5 0.0
SP-Seapoint Beach, PC-Pepperrell Cove, SC-Spruce Creek
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Discussion
Members of the gram-negative bacteria group Cytophaga-Flavobacterium-Flexibacter 
were likely the yellow pigmented colonies that were frequently recovered on the agar plates in 
this study. Bacterial samples collected by Austin (1988) in coastal England had the same 
bacterial assemblage: yellow-pigmented Cytophaga Winogradsky 1929 Lewin 1969- 
Flavobacterium Bergey 1923-Flexibacter Soriano 1945 group and vibrios dominated the 
population. The bacterial assemblage at coastal sites in England changed in the summer to 
Acinetobacter Brisou and Prevot 1954, Bacillus, Micrococcus Cohn 1 ^ 12-Staphylococcus 
Rosenbach 1884 and Pseudomonas Migula 1894 an assemblage that may also be 
representative of the summer assemblage in coastal Kittery, Maine. The Cytophaga- 
Flavobacterium-Flexibacter produce a polysaccharide capsule, so as the population increases 
the possibility of increased polysaccharide production may also occur.
Gram-negative bacteria have an outer membrane containing anionic phosphoryl and 
carboxyl groups that are reactive sites for metals (Beveridge 1989). Gram-positive bacteria 
lack the outer membrane, but their cell walls are highly electronegative which also makes 
them very effective in binding metals (Underwood et al. 1995)
The community response of microbial organisms in intertidal habitats has some 
similarities to those found by Underwood et al. (1995) who examined microbial assemblages 
from soft intertidal habitats in the Blackwater Estuary, Essex, England. In the Underwood et 
al. (1995) study of the Blackwater Estuary, the highest percentage
29
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Table 3: Microbial assemblages from different intertidal habitats 
Blackwater Estuary, Essex
G roup  A lgae




L o w er S altm arsh-
%
M udfla t B iofilm -
%
D iatom s 25 25 70 100
C yanobacteria 25 50 15 0
F ilam entous
B acteria
50 25 15 0
G erm lings ND ND ND ND
Total carbohydrate, mg/g
21 . 9+ 1- 2.1 6.9+/-3.3 15.3+/-7.9 4.6 +/-0.8
of diatoms (100%) was found in mudflat biofilm, while diatoms were the only algae recovered 
at Spmce Creek, Kitteiy Point-i.e. during Dec/Jan. The diatom Cocconeis sp. was dominant at 
both study locations although the substrata differed from gravel surfaces in Kittery and soft 
sediments as in the Blackwater Estuary. The greatest change in diatom percentage was at 
Seapoint Beach between Dec/Jan and April from 28 to 98%. The Seapoint Beach diatom 
percentage in Dec./Jan. matched that found in the upper salt marsh in the Blackwater Estuary, 
Essex, England.
Like the results presented by Austin (1983), the lowest bacterial counts in Kittery were 
recovered in the winter and increased in the spring (APPENDIX D). The lowest amount of 
aerobic heterotrophic bacteria (104/m l) were recovered in January at a coastal site in England 
Austin (1983), while in August the highest counts (4 x 109/ml) were obtained. In contrast, 
Thompson et al.(2004) found that the epilithic biofilm community in the rocky intertidal zone 
of a moderately exposed shore at the Ilse of Man, Great Britain had a maximum of 
photosynthetic microbiota during winter (November-March) and declined during spring and 
summer (May-August). Diatoms followed this pattern. The midshore diatom values in the 
winter peaked at approximately 400 cells mm'2, but in the summer <10 cells mm'2 were
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common. Thompson et al. (2004) also found that areas beneath the Fucus canopy had greater 
photosynthetic biomass than areas outside the Fucus canopy. This is an indication of the 
microhabitat that is available for fucoid germlings attachment or surrounding the germlings. 
The Thompson et al. (2004) results differ from those found at Kittery, Maine, but a likely 
reason is that polysaccharides are recovered from both non-photosynthetic and photosynthetic 
organisms. Also, the lack of scouring pack ice at the Isle of Man may be allowing production 
to occur in winter while in Kittery it might be scraped away.
In Thompson et al.(2004) Achnanthes spp. appeared to be the dominant diatom.
While an important member of the microalgal community in the Kittery study, it was not 
dominant. Diatoms, however, were the dominant microalgae of the gravel and Fucus 
biofilms, also exhibited a seasonal trend in this study. Sieburth et al.(1974) found a seasonal 
cycle for epiphytic diatoms that was maintained, in part, by the density of the grazers and their 
activity levels. Scanning electron microscopy allowed Sieburth et al.(1974) to view the spatial 
pattern of diatoms covering an algal surface whether they formed a continuous cover or were 
present in patches. Sieburth et al.(1974) also found that growing tips of Ascophyllum 
nodosum were mostly clear of epiphytic growth (bacteria, diatoms) during the active growing 
periods described by Mathieson et al.(1976). During the winter, microcolonies of diatoms, 
yeasts and the filamentous bacterium Leucothrix mucor Oersted 1844 increased in density on 
the A. nodosum fronds (Pacepavicius 1997). Results included here also indicated that diatoms 
typically dominate the epiphytic population on the surface of the A  nodosum fronds. On the 
aquatic plant Zoster a a maximum of biofilm organisms primarily composed of Cocconeis 
scutellum was observed in the spring (Sieburth et al. 1974). The C. scutellum was eventually 
covered by a crust of Cocconeis, Licmophora and other diatoms including Navicula,
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Pleurosigma, Amphiora as well as rod shaped bacteria, and filamentous bacteria (Sieburth et 
al. 1974). Cocconeis spp. was a significant constituent of the diatom population recovered on 
the Ascophyllum in this study.
Polysaccharides (EPS) represent the matrix of the biofilm considered here to be a 
surrogate for the entire biofilm (Allison and Sutherland 1984). Bacteria, diatoms, and fungi 
have many important functions in the intertidal zone, but their secretion of polysaccharides 
and the formation of a biofilm may provide a habitat for the attachment and growth of other 
organisms both within and on the biofilm itself. Additional functions of the EPS include the 
stabilization or binding of organic or inorganic particles, present as sediments or attached 
communities, as well as providing a food source for grazers (Decho 2000). The increase in 
polysaccharides from the gravel trays followed a similar pattern to the bacterial counts that 
showed an increase from winter to summer and indicates that at these times the availability of 
the EPS to provide the functions described is also increased. Findlay and Watling (1998) 
found on soft sediments in the subtidal Damariscotta River estuary, Maine a seasonal pattern 
in the microbial biomass. They used phospholipid fatty acid analysis (PLFA), another 
surrogate indicator like the polysaccharides, to examine the subtidal (12 m) microbial 
community.
The presence of a biofilm on both the gravel (hard substrata) and the seaweed surfaces 
could be viewed as a “biogenic” habitat (Tyrrell 2005) able to provide a structure for algal 
cells that were found within it. Although in winter the sparse presence of the biofilm might 
limit its effectiveness as biogenic habitat. However, as the waters warm and light increases 
the biofilm increases as does the constituents within the film.
32
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Temporal trends are only one factor that effects changes in polysaccharides and 
bacterial counts. The increase in metal concentrations to the intertidal biofilm may present 
contradictions and limit our ability to predict changes in either the short or the long term.. 
Increasing concentrations of Zn were found to lead to a decrease in both extracellular 
polysaccharides and the number of bacteria on seaweed surfaces (Vaccaro et al. 1977). The 
addition of Cu at 0.01 and 0.05 mg L 1 to an enclosed marine ecosystem (as part of the 
Controlled Ecosystem Pollution Experiments (CEPEX) led to an increase in heterotrophic 
bacteria (10 to 10 times) (Rounick and Winterboum 1983). The copper treatments resulted in 
an initial decline in the bacterial count, but organic compounds excreted by phytoplankton 
stressed by the Cu led to an increase in the heterotrophic bacteria.
The presence of the biofilm on different surfaces and during different times suggests 
that it could have a significant influence on metals availability. Costerton et al. (1995) studied 
DOC exudates from Ecklonia radiata and the metal binding. They determined that the metal 
complexes of the metals Cu, Fe and Zn formed with these exudates were enough to keep 
coastal areas free from metal toxicity. The link between metal inputs leading to increased 
production of metal binding polysaccharides can significantly affect the bioavailablility of 
metals because of the binding sites on and within the biofilm where adsorption can occur. 
Large scale environmental effects resulting from metals binding to EPS was described by 
Harvey (1981) who found that lead found in the surface layer of a Palo Alto salt marsh could 
be entirely bound to these sediments if exopolymers (EPS) were present in a very small 
portion (approximately 3%) of the organic matter in sediments. Lead has a relatively high 
binding capacity to exopolymers (approx 0.13 pmoles Pb-mg exopolymer).
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Conclusions
The coverage of biofilm in the marine environment as shown by the recovered 
polysaccharides on different substrata over time is an indication of their widespread and likely 
“ubiquitous presence in the environment” (Costerton et al. 1995). Phillips (1977) suggests 
that biofilm coverage in the aquatic system is only limited by the amount of nutrients 
“available for cell replication and for exopolysaccharide production”. In this study, it was 
shown that the constituents of the biofilm may vary based upon the type and amount of 
nutrients. Temperature, salinity, and seasonality as well as other physical parameters were 
also found to be significant.
Metals such as copper and zinc carried by freshwater streams and stormwater runoff 
are adsorbed by biofilms, and function as a means of reducing metal loading to intertidal 
fucoid species. Increased residential and commercial development on the coast will lead to 
increased copper and zinc loadings to intertidal areas. Regardless, the presence of a biofilm 
may reduce the bioavailability of certain metals and mitigate the toxicity to host plants.
34
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER II
SITES OF Zn AND Cu ACCUMULATION BY Fucus AND AscophyDum 
Introduction
Accumulation of metals by Fucus and Ascophyllum (Bryan and Hummerstone 1973); 
(Sieburth 1979; Sieburth and Tootle 1981) within their tissues, represents an important 
pathway for metals to enter detrital food chains after death and breakdown of these seaweeds. 
Another site of metal accumulation is the biofilm on the surface of Fucus and Ascophyllum. A  
major constituent of the biofilm are the marine bacteria that can bind metals to their cell wall 
as well as to the polysaccharides surrounding them (Beveridge and Koval 1981). The biofilm 
can become toxic to grazers (amphipods and mollusks) through metal accumulation.
Different components of the biofilm sequester metals. Most marine bacteria are gram- 
negative bacteria and can bind metals to their envelope surrounding the outer surface of the 
cells. Hoyle and Beveridge (1983) found Zn and Fe III to be bound more than Cu to this 
envelope. Although gram positive bacteria are less prevalent, several researchers including 
(Cundell et al. 1977; Sieburth 1979; Sieburth and Tootle 1981; Corre and Prieur 1990) found 
that the gram positive cell walls bind larger quantities of metals than gram negative cells.
Smith (1986) showed that the surface of seaweeds are typically covered with these bacteria 
and diatoms creating a biofilm. Can this biofilm impact the accumulation of Cu and Zn by the 
seaweeds? Energy Dispersive Spectroscopy (EDS) is a way of locating where metal 
accumulation is occurring and was used to explore this question. Scherer and Bochem (1983) 
used EDS to examine the location of heavy metals in the cells of the bacteria Methanosarcina 
barken, and found differences in where the two metals accumulated. Traces of copper were
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found inside the cell wall, cytoplasmic region, granula and polyphosphate bodies while zinc 
was only found in the first two locations.
Metals not retained by the biofilm, or contributed to coastal waters when the biofilm is 
reduced or missing, may alternatively be taken up by seaweeds. The physodes in the brown 
algae are important sites of bioaccumulation of Cu (Lignell et al. 1981), and Cd (Lignell et al. 
1981). Cadmium also accumulates in cell walls of seaweeds (Holmes et al. 1991). Electron 
Diffusion X-rays (EDX) and transmission electron microscopy (TEM) were used by Zuberer 
(1984) to locate zinc deposits in Gracilaria sordida that had previously been exposed to zinc 
chloride concentrations of 2.5 and 5.0 mg liter'' for 15 days. Zinc was found in the 
extracellular polymers surrounding the bacteria on Gracilaria sordida as well as inside the 
alga. Following extended exposure of Fucus to copper or zinc in this study, the distribution 
of these metals in the surface biofilm and tissues was examined. EDS was used to semi- 
quantify the location of metals in the surface layer as well as the tissues (epidermal, cortex and 
medullary). While EDS was used to examine internal tissues of seaweeds, Scanning Electron 
Microscopy (SEM) was used to observe surficial features of Ascophyllum nodosum and Fucus 
vesiculosus to verify the extent of the biofilm cells and polysaccharide matrix. Scanning 
electron images were also made to determine the effectiveness of surface cleaning to remove 
cells and polysaccharides.
In the second part of this evaluation, Fucus fronds were chemically analyzed for their 
Zn and Cu content. Included in this analysis were the surface biofilm, matrix material and 
tissue.
Materials and Methods
Adult fronds of Ascophyllum nodosum (L.) LeJolis and Fucus vesiculosus (L.) were 
used to examine where the copper or zinc was accumulating following a period of exposure.
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In the March experiments with Ascophyllum nodosum, 10 cm fragments were added to plastic 
culture containers (Sigma/Aldrich, Inc.) with filtered (0.45 pm) 32 ppt seawater collected 
from Seapoint Beach, Kittery Point, Maine. The seawater was previously filtered through 
glass fiber, 0.45pm (Fisher Scientific, Inc.) and 0.22 pm acetate (MSI, Micron Separations 
Inc.,Westboro, MA) filters. The metal concentration in the containers was either 10 mg Cu 
liter 1 (copper chloride-Fischer Scientific, Inc.), or 10 mg Zn liter (zinc chloride Fischer 
Scientific, Inc.). The control had no addition of copper or zinc. The ends of the 10 cm long 
sections were dipped in wax and put into plastic culture chambers which were kept at 15 C° on 
a 16:8 day light schedule for one week. The lighting was from four 25 watt cool-white 
fluorescent bulbs.
To prepare Ascophyllum nodosum for Scanning Electron Microscopy (SEM) and 
Energy Dispersive Spectroscopy (EDS) the fragments were cut under water in approximately 
5 mm sections. For SEM, the Ascophyllum sections were fixed in 3.0 % glutaraldehyde in 
sodium cacodylate 0.1 M, pH 7.3 for 10 minutes before transfer to double de-ionized water 
rinse for 10 minutes. The segments were then added to 1% osmium tetroxide (OSO4) for three 
hours. Segments were then put into the refrigerator at 4 C° for three hours. Following fixation 
the segments were rinsed and transferred to a graded ethanol series. After dehydration the 
segments were dried to critical point for one hour using a Tousimis Samdri 790 dryer, this is a 
modification of the procedure outlined by (Langston 1995). Following drying the specimens 
were mounted on carbon holders and coated with carbon for SEM. An Amray 3300-FE (field 
emission) electron microscope was used for SEM. Pictures were taken of the surface of the 
Fucus or Ascophyllum to document where the algal cells, bacteria and fungal mycelia were 
prevalent as well as where there were indications of polysaccharides from the biofilm. In
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conjunction with the SEM equipment was the Princeton Gamma Tech (PGT) (IMIX)-PC 
energy dispersive X-ray microanalysis system. The energy of the x-rays released by the 
interaction of the electron beam from the electron microscope with the sample material is 
measured by the PGT spectrophotometer.
The EDS samples were prepared as above, but after mounting they were “cracked” to 
expose cell walls, etc. using liquid nitrogen. EDS is a means of distinguishing where the 
metals have accumulated within the seaweed tissues.
A problem was noted that may have impacted the metal recovery. Following the 
treatment with glutaraldehyde and transfer to double deionized water (DDI) a thick viscous 
material was discharged from the thallus section. The Cu and Zn may have been attached to 
this material since they were not located using ED AX. The lack of recovery of metals from 
these samples led to modifications of the sampling plan and the sample analysis.
A second experiment was started in July 1999. Water and Fucus vesiculosus (L.) 
were collected from Seapoint Beach, Kittery Point, Maine (043” 05’ 9.20N, 070” 39’ 36.44 
W). The Fucus vesiculosus was growing on rocks which were typically between 25 and 50 
cm length with fronds usually 10-15 cm long. Non reproductive material was collected in the 
lower intertidal zone in July and August, 1999. Several fronds could be found on each rock. 
The rocks with attached fronds were put into coolers containing ice and transported to the 
Jackson Estuarine Laboratory at Durham Point, New Hampshire where the fronds and rock 
substrata were rinsed quickly with DDI water. The boulders were cleaned of sand and 
attached mussels, periwinkles and filamentous species of algae were removed. No effort was 
made to remove all the barnacles and crustose species of algae.
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The glass tanks for the experiments held 24 liters and were previously cleaned with 
Algonox™, 10 %HCL and then rinsed three times with DDI water. Three experiments were 
set up in the aquaria containing 24 liters of unfiltered seawater (salinity 32 ppt) from Seapoint
1 9  1Beach. The treatments were 5 mg liter' Cu (CuCl ) (Fisher Scientific, Inc.), 5 mg liter' Zn 
(ZnCl ) (Fisher Scientific, Inc.) and the control. The tanks were maintained under 25 watt 
cool-white lights on a 16 hour daylight and 8 hour dark, and aerated with air rocks. The tanks 
were placed into flow-through chambers that cooled the water surrounding the tanks.
However, during one dry period in July the incoming water temperature was 21-25 C for a 
period of at least one week. The water was changed in the tanks every 3 days and the 
experiments were run for 21 days. Approximately 20 fronds and their substrata were added to 
each tank and acclimated for three days. Following the initiation of the experiment, the 
seawater in the tanks was changed every three days.
Baseline samples of Fucus were collected for metal analysis at the start of the 
acclimation period. Approximately 5 g of Fucus was harvested from fronds in the control 
tank. The collection of the biofilm was accomplished by brushing the surface of the frond 
with a clean toothbrush and then cleaning the brash by swirling it in 20 ml of de-ionized 
water. The biofilm/water sample was added to trace metal clean plastic jars (Fisher Scientific, 
Inc.) and fixed with 0.2 mis of concentrated nitric acid (Fisher Scientific, Inc.). The samples 
were brought to the state laboratory in Massachusetts, the Wall Experiment Station (WES), for 
copper and zinc (EPA method 200.7) analysis.
Matrix material was obtained by crashing the frond with a mortar and pestle and then 
rinsing the material into trace metal free glass fiber filters (Fisher Scientific, Inc) and then 
added to trace metal free plastic jars (Fisher Scientific, Inc.) with the addition of 20 mis of
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deionized water. These samples were also fixed with concentrated nitric acid. The algal 
tissue was stored in plastic bags to air dry. Following air drying it was crushed using a mortar 
and pestle. These samples were also brought to WES for analysis using EPA method (200.7).
Fucus plants were maintained in either copper or zinc solutions until July 21. At the 
end of the experiment, fronds were prepared as above for analysis of metals in the biofilm, 
metals in the matrix “cell sap” and in the cell tissue. Following this exposure period, fronds 
were taken from the tanks and brought while still attached to the rocks to the Electron 
Microscopy Lab (University of New Hampshire) where they were thin sectioned using a razor 
blade. Cross sections of the alga were made just above where the winged frond material 
began (height A) and then another cross section was made of the frond just below the tip or 
approximately 4 cm from the tip (height B). Winged material from each frond was also 
collected adjacent to each cross-section. The cross sections and surface views of winged 
material were placed on stubs and left to air dry overnight, the material was then coated with 
carbon. A JEOL 100S microscope in conjunction with an Amray 3300-FE (field emission) 
system for Scanning Electron Microscopy operated at the accelerating voltage of 20 kV. Also 
included is the Princeton Gamma Tech Imix-PC energy-dispersive X-ray microanalysis 
system for EDS (Energy Dispersive Spectroscopy).
For each cross section the outer surface, including the biofilm, epidermal, cortex and 
medullary cell tissues were examined. When metals were located in the midrib then wing 
material from the same segment was examined.
August/September samples were prepared in the same manner, except that the thin 
sections were only made at height A, approximately 7-8 cm from the base of the frond, where 
the winged frond material begins. The cross sections were made of both the wing and midrib.
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A separate sample was cut from the wing surface so that this layer could be observed.
Sections were put onto drops of carbon paint on the top of stubs and were allowed to air dry. 
The following day the samples were put into the x-ray diffusion machine where 
determinations were made as to whether metals were found in different cell tissues. Positive 
findings for metals require amounts present at >1 part per thousand. Thus, the results are only 
semi-quantitative and are expressed as a percentage of Cu or Zn atoms excited by the emitted 
x-rays within the outlined area located by SEM. The metal percentages provide a picture of 
metal distribution within the frond.
Results
A conventional preparation of sections was followed in the first experiments with 
Ascophyllum sp. Although exposed to elevated concentrations of the metals copper and zinc, 
no metals were recovered from the Ascophyllum. During preparation of these samples, 
copious amounts of mucilaginous material were released that may have had attached metals. 
Since EDS did not indicate presence of metals in any of the previously exposed cell tissues, 
the preparations for the following Fucus samples were altered. Rather than exposing sections 
of Fucus to elevated metals, entire fronds of attached Fucus were added to tanks containing 5 
mg I'1 Cu or Zn. Sections were cut following the exposure period and air-dried on stubs used 
for SEM and EDS. Metals held within the cell walls, cytoplasm or interstitially were 
deposited in place.
The procedure for EDS analysis began with projection of an image of a section of 
Fucus depicted on a computer screen. An outline was drawn around the area for EDS analysis 
and a picture taken. The beam from the Princeton Gamma excited the electrons of each 
element included within the area outlined. The results are included in Table 4 and indicate the 
relative percentage of that ion. July samples were taken from two different levels labeled as A
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and B. The A samples are from older tissue and were obtained approximately 10 cm above 
the initiation of the wing. The B samples are from younger tissue and were measured 
approximately 10 cm from the tip (Figure 7, Figure 8). The older parts of the Fucus are known 
to have higher concentrations of metals compared to the actively growing tips. The longer 
exposure period and the higher number of binding sites account for this phenomenon in the 
older sections (Fagerberg et al. 1979).
The September samples were only taken from level A which allowed the use of 
multiple fronds in the analyses. Figure 9 and Figure 10 illustrate bar graphs of the September 
data; the fronds are delineated as A, B, C, and D and the layers as surf (surface), 1 (epidermal), 
2 (cortex) and 3 (medulla). The figures provide evidence of the spatial distribution of the 
metals between the different cell layers as well as the midrib and the wing. Standard errors are 
included on the graphs.
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midrib A surface 1.74 0.65 0.00 0.00 2.16 0.25 2.43 0.28 0.78 0.33
wing A surface 0.00 0.00 nd nd 0.97 0.44 0.44 0.38 0.92 0.71
wing A epidermal 1.66 0.59 nd nd 3.11 0.25 2.66 0.24 0.53 0.24
wing A medulla 1.00 0.67 nd nd 5.00 0.36 3.53 0.3 0.2 0.33
Younger material
midrib B surface 0.82 0.23 nd nd 0.89 0.08 1.26 0.09 0.66 0.12
midrib B epidermal 1.86 0.59 nd nd 2.4 0.22 1.84 0.21 0.41 0.28
midrib B medulla 0.47 0.46 nd nd 3.18 0.19 1.22 0.14 0.18 0.23
wing B surface 0.8 0.24 nd nd 3.47 0.15 1.51 0.11 0.68 0.16
wing B epidermal 2.45 0.89 nd nd 10.94 0.55 4.36 0.39 0.00 0.00
wing B medulla 0.62 0.26 nd nd 6.38 0.21 3.05 0.16 nd nd















midrib A epidermal nd nd 1.42 0.27 1.02 0.1 1.69 0.12 nd nd
midrib A cortex nd nd 0.08 0.11 2.39 0.13 0.94 0.1 nd nd
midrib A medulla nd nd 0.02 0.05 2.3 0.15 1.89 0.14 nd nd
midrib A physode nd nd 0.83 0.18 0.33 0.07 0.51 0.07 nd nd
wing A surface-
top
nd nd 2.6 0.25 0.5 0.06 1.54 0.08 0.3 0.1
wing A surface nd nd 2.79 0.34 1.07 0.1 3.4 0.16 0.42 0.16
wing A medulla nd nd 0.72 0.29 1.64 0.12 3.71 0.17 1.05 0.19
Younger material
midrib B surface nd nd 2.34 0.32 0.8 0.1 2.83 0.15 0.13 0.12
midrib B epidermal nd nd 0.25 0.2 1.14 0.09 1.73 0.11 0.07 0.11
midrib B medulla nd nd 0.12 0.13 0.97 0.08 1.29 0.09 0.3 0.1
wing B surface nd nd 2.03 0.22 0.41 0.06 1.7 0.09 0.13 0.09
wing B medulla nd nd 1.57 0.17 0.38 0.05 1.9 0.08 0.09 0.06















wing A surface 0.04 0.12 0.08 0.24 1.21 0.07 0.9 0.06 0.19 0.08
wing A epidermal 0.00 0.00 0.09 0.26 4.7 0.24 1.29 0.16 0.54 0.34
wing A cortex 0.05 0.14 0.05 0.00 2.2 0.13 1.31 0.12 0.13 0.1
wing A surface 0.03 0.12 0.05 0.00 3.13 0.12 1.5 0.09 0.12 0.06
wing A epidermal 0.05 0.21 0.00 0.00 4.52 0.16 3.04 0.15 0.13 0.1
Younger material
midrib B surface 0.00 0.00 0.03 0.11 0.92 0.09 0.5 0.08 0.44 0.15
midrib B cortex 0.06 0.00 0.14 0.22 2.77 0.22 2.23 0.22 1.6 0.34
midrib B medulla 0.00 0.00 0.23 0.67 4.12 0.32 1.74 0.23 0.12 0.12
wing B surface 0.23 0.69 0.07 0.26 3.69 0.12 1.48 0.09 0.24 0.1
wing B epidermal 0.00 0.00 0.00 0.00 5.07 0.17 2.34 0.13 0.12 0.15
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Table 4. Continued
ZINC TREATMENT-SEPTEMBER
















epidermal 0.43 0.29 0.00 0.00 2.51 0.14 1.05 0.11 0.12 0.25
midrib A 
(2)
cortex 0.00 0.00 0.19 0.23 2.97 0.16 1.71 0.13 0.12 0.18
wing A (2) surface 5.48 0.33 0.07 0.15 0.94 0.07 1.95 0.09 0.75 0.11
wing A (2) epidermal 1.19 0.28 0.00 0.00 5.25 0.18 3.25 0.16 0.12 0.17
wing A (2) cortex 0.48 0.21 0.13 0.19 4.77 0.18 3.1 0.16 0.21 0.16
midrib A 
(3)
epidermal 1.2 0.29 0.00 0.00 2.34 0.14 1.49 0.13 0.14 0.1
midrib A 
(3)
cortex 0.12 0.11 0.06 0.00 1.56 0.1 0.93 0.08 0.1 0.12
wing A (3) surface 1.12 0.2 0.00 0.00 2.29 0.09 1.27 0.08 0.28 0.1
wing A (3) epidermal 0.73 0.25 0.04 0.11 2.43 0.12 1.67 0.11 0.1 0.12
wing A (3) cortex 0.55 0.17 0.00 0.00 3.25 0.13 2.16 0.11 0.23 0.1
COPPER TREATMENT-SEPTEMBER
















surface 0.02 0.00 4.27 0.61 0.53 0.12 2.63 0.2 0.33 0.23
midrib A 
(1)
epidermal 0.00 0.00 1.05 0.24 0.68 0.1 2.19 0.16 0.2 0.18
midrib A 
(1)
cortex 0.11 0.36 0.41 0.24 0.94 0.12 2.69 0.19 0.06 0.06
wing A (1) epidermal 0.00 0.00 3.2 0.47 0.55 0.13 2.66 0.2 0.16 0.18
wing A (1) cortex 0.11 0.3 1.09 0.39 0.65 0.11 2.25 0.17 0.04 0.05
midrib A 
(3)
epidermal 0.12 0.31 0.77 0.33 1.5 0.12 2.6 0.16 0.2 0.18
midrib A 
(3)
cortex 0.00 0.00 0.39 0.59 2.48 0.19 3.68 0.23 0.2 0.17
wing A (3) surface 0.01 0.00 3.51 0.53 0.31 0.07 2.33 0.12 0.33 0.12
wing A (3) epidermal 0.07 0.19 2.75 0.27 0.69 0.07 2.45 0.11 0.23 0.1
wing A (3) cortex 0.32 0.65 3.3 0.67 1.84 0.21 5.33 0.33 0.66 0.35
CONTROL-SEPTEMBER
















surface 0.00 0.00 0.06 0.15 4.06 0.24 1.69 0.19 0.11 0.53
midrib A 
(1)
epidermal 0.13 0.23 0.13 0.18 2.14 0.18 1.44 0.16 0.22 0.15
midrib A 
(1)
cortex 0.00 0.00 0.06 0.17 4.43 0.27 2.86 0.23 0.02 0.05
wing A (1) epidermal 0.00 0.00 0.00 0.00 9 0.44 7.43 0.43 0.23 0.48
wing A (1) cortex 0.28 0.38 0.00 0.00 6.52 0.31 5.53 0.31 0.00 0.00
midrib A 
(2)
surface 0.31 0.52 0.24 0.56 5.79 0.41 2.86 0.33 0.78 0.5
midrib A 
(2)
epidermal 0.00 0.00 0.04 0.00 4.19 0.29 3.64 0.28 0.49 0.38
midrib A 
(2)
cortex 0.04 0.00 0.00 0.00 3.32 0.2 2.25 0.18 0.04 0.13
wing A (2) epidermal 0.00 0.00 0.00 0.00 3.2 0.16 1.88 0.14 0.25 0.2
wing A (2) cortex 0.00 0.00 0.15 0.35 7.18 0.31 5.97 0.3 0.28 0.53
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In the control samples of July and September treatments with Fucus vesiculosus, 
copper and zinc (Table 4) sufficient amounts were not recovered to meet the detection limits 
for EDS. There was a definite pattern of calcium concentrations increasing towards the 
interior of the wing or midrib. The highest calcium percentages in September were found in 
the wing samples (Table 4).
The highest percentages of copper were found on the surface of the July copper 
treatment samples (Table 4 ). In July, copper declined from the surface to the internal cell 
layers in both the wing and the midrib in both the younger and older material. The midrib B 
had a 2.34% copper at the surface, 0.25% in epidermal cells and only 0.12% in the medulla. 
A similar pattern was found in the September samples, but the error values eliminated any 
differences between cell layers.
Potassium in the copper supplemented samples (Table 4) had an inverse pattern to 
copper and may have been replaced by it. In September, the wing (3) surface had a relatively 
high percentage of Cu 3.5 % while the K was relatively low at 0.3%. The midrib (1) surface 
also had adsorbed Cu (4.27%) while the K represented only 0.53%.
Calcium in the July copper supplemented samples ranged from 0.94 %, +/- 0.1 to 
3.71%, +/- 0.17. One discerned pattern was that if the surface samples were elevated for 
copper they showed a similar pattern for calcium. Once inside the frond a predictable 
relationship was not evident. In September, calcium had a fairly uniform percentage that 
ranged from 2.19, +/- 0.16 to 2.66, +/- 0.2 in the surface, and epidermal layers. The cortex 
was highest at 3.68, +/- 0.23 to 5.33, +/- 0.33.D samples (Table 4 and Figure 9).
Copper was not recovered in the zinc treatments (Table 4). Zinc in the same 
treatments had poor recovery in most samples, with most values being less than 1%. An
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exception was the A2 wing sample that had the highest percentage of zinc, (5.48%, +/- 0.33) 
at the surface. The percentage decreased from the epidermal cells to the cortex. The midrib 
from this frond had the same percentage of zinc in the epidermal cells as the wing sample, but 
the cortex had no recoverable zinc.
Potassium (Table 4) in the zinc treatments was typically present in higher amounts in 
cell layers than zinc. In the copper treatments Cu was often present in much higher amounts 
than K, especially in the surface layers. Samples from July and September treatments 
displayed the same relationships (Figure 7-10). A cross-section of the Fucus thallus is 
included in Figure 11 and depicts cell layers as well as site 4, a physode. Results from x- 
ray microanalysis from the midrib shown in Figure 11 are shown in Figure 12.
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COPPER TREATMENT JULY 1999
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Figure 7 : Percent accumulation of Cu from copper treatments of Fucus sp. July 1999
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ZINC TREATMENT JULY 1999
Zinc T re a tm e n t o f  Fucus 
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Figure 8 : Percent accumulation of Zn from zinc treatments o f Fucus sp. July 1999
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Figure 9: Percent accumulation of Cu and Zn from copper treatments of Fucus sp. Sept. 
1999
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Figure 10: Percent accumulation of Zn and Cu from zinc treatments of Fucus sp. Sept. 
1999
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In order to more easily demonstrate the differences in metal accumulation in cell 
layers (Table 6) contains the EDS results from the surface and first layer of cells. When 
surface and then first layer of cells are examined an interesting pattern is observed. Zinc 
samples in July samples had higher concentrations in the first layer of cells rather than the 
surface, although this relationship was reversed in September.
Figure 11: Cross-section of Fucus thallus, midrib: A1 epidermis, A2 cortex, A3 
medulla; wing : A5 surface, 6 medulla









A1 Midrib epidermal 1.42 0.27 1.02 0.1 1.69 0.12 nd nd
A2 Midrib cortex 0.08 0.11 2.39 0.13 0.94 0.1 nd nd
A3 Midrib medulla 0.02 0.05 2.3 0.15 1.89 0.14 nd nd
A4 Midrib physode 0.83 0.18 0.33 0.07 0.51 0.07 nd nd
A 5 Wing surface 2.6 0.25 0.5 0.06 1.54 0.08 0.3 0.1
A 6 wing medulla 0.72 0.29 1.64 0.12 3.71 0.17 1.05 0.19
Table 5: Percentages of metals determined by EDS from x-section of Fucus following Cu 
treatment in July
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Table 6: Results of EDS from wing and midrib of F. vesiculosus (L.)-surface and first layer of cells
Date/treatment location layer cone Zn Zn error cone Cu Cu error cone K K error cone Ca Ca error cone Fe Fe error
Sep-99/control midrib A surface 000 0.00 0.06 «  m 4.06 0.24 1.69 0.19 0.11 0.53
Sep-99/control midrib A 8 3 $ ^  |2  14 0.18 1.44 0.16 0.22 0.15
Sep-99/control wing A 1 St 0,00 0.00 0,00 0.00 9 0.44 7.43 0.43 0.23 0.48
Sep-99/control midrib A (2) surface Q.3f 0.52, q.24 i / 0L56f- S 5.79 0.41 2.86 0.33 0.78 0.5
Sep-99/control midrib A (2) 4.19 0.29 3.64 0.28 0.49 0.38
Sep-99/control wing A (2) 1 St 0.00 0.00 0.00 0 00 3.2 0.16 1.88 0.14 0.25 0.2
Sep-99/copper wing A (3) suriac&^lf, 0.01 0.00 3.51 0 5 3 .  | | - 0.31 0.07 2.33 0.12 0.33 0.12
Sep-99/copper wing A (3) 1 st * 0.07 0.19 2.76 o z r  * 0.69 0.07 2.45 0.11 0.23 0.1
Sep-99/copper midrib A (3) 1 St 0.12 0.31 0.77 0.33 1.5 0.12 2.6 0.16 0.2 0.18
Sep-99/copper midrib A surface 0.02 0.00 4.27 o.6i | p 0.53 0.12 2.63 0.2 0.33 0.23
Sep-99/copper midrib A 1 si 0.00 0.00 1.05 >. 0.68 0.1 2.19 0.16 0.2 0.18
Sep-99/copper wing A 1 s. 0.00 0.00 3.2 0.47 0.55 0.13 2.66 0.2 0.16 0.18
Sep-99/zinc midrib A (2) 1 St 0.43 0.29 0.00 0.00 2.51 0.14 1.05 0.11 0.12 0.25
Sep-99/zinc wing A (2) 5.48 0 3 3 0.07 0.15 0.94 0.07 1.95 0.09 0.75 0.11
Sep-99/zinc wing A (2) 0-28 - 0.00 0.00 5.25 0.18 3.25 0.16 0.12 0.17
Sep-99/zinc wing A (3) 0 2 0.00 0.00 2.29 0.09 1.27 0.08 0.28 0.1
Sep-99/zinc wing A (3) . 1 ^ 0 25 0.04 0.11 2.43 0.12 1.67 0.11 0.1 0.12
Sep-99/zinc midrib A (3) 1 St 1.2 0.29 0.00 0.00 2.34 0.14 1.49 0.13 0.14 0.1
Jul-99/zinc midrib A surface 1.74 0.65 0.00 0.00 2.16 0.25 2.43 0.28 0.78 0.33
Jul-99/zinc wing A surface G.Q0 0 00 nd nd 0.97 0.44 0.44 0.38 0.92 0.71
Jul-99/zinc wing A 1 s t 1.66 - v 0 59 nd nd 3.11 0.25 2.66 0.24 0.53 0.24
Jul-99/zinc midrib B surface 0.82 0 23 nd nd 0.89 0.08 1.26 0.09 0.66 0.12
Jul-99/zinc midrib B 1*66 , 0 69 nd nd 2.4 0.22 1.84 0.21 0.41 0.28
Jul-99/zinc wing B surface q£ '  \ 0.24 nd nd 3.47 0.15 1.51 0.11 0.68 0.16
Jul-99/zinc wing B 1 st 2 45 0 89 nd nd 10.94 0.55 4.36 0.39 0.00 0.00
Jul-99/zinc wing B surface 2.8 0.38 0.02 0.00 4.57 0.18 2.85 0.5 0.39 0.17
Jul-99/copper midrib A surface nd nd 1.42 0.27, 1.02 0.1 1.69 0.12 nd nd
Jul-99/copper midrib A 1 s t nd nd 0 08 0.11 2.39 0.13 0.94 0.1 nd nd
Jul-99/copper wing A surface nd nd 2,6 ^ 0.5 0.06 1.54 0.08 0.3 0.1
Jut-99/copper wing A 1 st nd nd 2 79 034 1.07 0.1 3.4 0.16 0.42 0.16
Jul-99/copper midrib B surface nd nd 2.34 032 0.8 0.1 2.83 0.15 0.13 0.12
Jul-99/copper midrib B 1 st nd id 0.25 ~ 0 2 1.14 0.09 1.73 0.11 0.07 0.11
Jul-99/copper wing B surface nd nd 2.03 0.22 0.41 0.06 1.7 0.09 0.13 0.09
Jul-99/copper wing B surface nd nd 11.35 1.26 0.82 0.27 3.68 0.33 4.64 0.58
Jul-99/control wing A surf'ire 0.04 0 12 0 08 0.24 Vg 1.21 0.07 0.9 0.06 0.19 0.08
Jul-99/control wing A 1 st 000 000 aoa. 4.7 0.24 1.29 0.16 0.54 0.34
Jul-99/control wing A surface 0.03 0 1 2 3.13 0,12 1.5 0.09 0.12 0.06
Jul-99/control wing A 1 st 005 Q.21 »•«?■ a t 4.52 0.16 3.04 0.15 0.13 0.1
Jul-99/control midrib B surface 0 00 il 'H 0.03 0.11 0.92 0.09 0.5 0.08 0.44 0.15
Jul-99/control wing B surface 0 23 0 69 0 07 0.26 j | 3.69 0.12 1.48 0.09 0.24 0.1
Jul-99/control wing B ■ 0.00 0 0 0 0 00 a o o , j | 5.07 0.17 2.34 0.13 0.12 0.15
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Figure 12: Spectrum of results of copper treatment (5 mg 11) of Fucus sp. determined by 
EDS, accelerating voltage, 20 keV, takeoff angle, 30.00 degrees
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Concentration of in situ Metals
Another way of examining where metals accumulate in Fucus was to collect samples 
of the biofilm, matrix material, i.e. intercellular polysaccharides and tissue and have them 
analyzed for metals. July samples illustrate that exposure of Fucus to elevated concentrations 
of 5 mg f 1 of either Cu or Zn results in uptake by the biofilm, some uptake by the matrix 
polysaccharides, while the majority of metals were bound tissue. Figure 13 and Figure 14 
indicate the percentages of metals in the biofilm, soluble matrix material and tissue of Fucus 
i.e. biofilm (B), matrix material (M) and tissue (T).
Background levels of metals in Fucus collected at Seapoint Beach at the start of the 
experiment July 7,1999 are designated as CT01 and CT02, while the control for the 
experiment that ended on July 26 was CNT04 (Table 7 and Table 8). The copper and zinc 
added samples were CuOl and ZnOl, respectively. The biofilm in the control sample at the 
start of the July experiment (CTO IB, 7/7/1999) at Seapoint Beach when tested for copper was
—5 -2 —52 x1 0  mg cm", the matrix material was 5x10  while the Fucus tissue (CTO 1T) had 1 x
—3 210 mg cm" The Fucus fronds exposed to copper and tested on July 26,1999, had copper in 
the surface biofilm at 1.99 x 10 2 a value that was over ten times higher than Zn in the biofilm 
of the zinc treatment.
Surface concentrations for the September samples could not be calculated, but as 
shown in Table 8 the Cu and Zn were below the detection limits in the biofilm and the 
matrix material. Copper in the biofilm of the Cu treatment was two times higher than the 
Zn in the biofilm of the Zn treatment.
55
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Table 7: Metals concentratic 
and zinc-Julv 1999- (
>ns in sections of Fucus vesiculosus -copper 














CT01B Jul 7 2.00x1 O'5 1.4 CT01B Jul 7 8.00 x 10‘5 7.1
CT01M Jul 7 5.00 x 10'5 3.2 CT01M Jul 7 1.00 x 10“* 9.5
CT01T Jul 7 1.36 x10'3 95.4 CT01T Jul 7 8 .90x10“* 83.4
CT02B Jul 7 2.00 x 10'5 20.9 CT02B Jul 7 1.30x10-* 14.2
CT02M Jul 7 1.00x1 O'5 13.5 CT02M Jul 7 7.00x1 O'5 8.1
CT02T Jul 7 6.00x1 O'5 65.7 CT02T Jul 7 7.00 x 10"* 77.7
CuB1 Jul 26 1.99x1 O'2 8.5 CuB1 Jul 26 5.30 x 10"* 15.2
CuM1 Jul 26 9 .54x10'3 4.1 CuM1 Jul 26 5.20x10“* 14.8
CuT1 Jul 26 2.03 x 10'1 87.4 CuT1 Jul 26 2.46 x 10'3 70.0
Zn01B Jul 26 4.00 x 10'5 15.9 Zn01B Jul 26 1.65 x 10’3 1.3
Zn01M Jul 26 6.00 x 10'5 26.5 Zn01M Jul 26 1.22 x 10'3 1.0
Zn01T Jul 26 1.30 x 10“* 57.6 Zn01T Jul 26 1.22 x 10'1 97.7
CT01B Jul 26 2.00 x 10'5 5.3 CT01B Jul 26 1.60 x 10“* 5.9
CT01M Jul 26 5.00 x 10'5 13.2 CT01M Jul 26 1.90 x 10“* 7.0
CT01T Jul 26 3.10 x 10“* 81.6 CT01T Jul 26 2.33 x 10'3 87.2
CT01 (Jul 7)-control (background conditions), CT01 (July 26)-control (experimental); CuB1, CuM1, 
CuT1-copper in biofilm, matrix, tissue following exposure to 5 mg I'1 of Cu; ZuB1, ZuM1, ZuT1-zinc in 
biofilm, matrix, tissue following exposure to 5 mg I'1 of Zn
Table 8 : Metals accumulation and distribution within Fucus vesiculosus following 
21 day exposure to copper or zinc (mg liter '^-September 1999
Station Date Copper Zinc Dry weight (g)
1 biofilm-control 9/6/99 <MDL * <MDL **
2 matrix-control 9/6/99 <MDL * <MDL **
8 tissue-control 9/6/99 8.9 mg/kg 68 mg/kg 3.01
3 biofilm-zinc 9/6/99 <MDL * 5
4 matrix-zinc 9/6/99 <MDL * 2.3
9 zinc-tissue 9/6/99 5.9 mg/kg 4425 mg/kg 1.38
5 biofllm-copper 9/6/99 10.5 <MDL **
6 matrix-copper 9/6/99 25 0.18
10-copper-tissue 9/6/99 5031 mg/kg 31 mg/kg 2.29
* Minimum detection 
level (MDL)=0.002 * *  Minimum detection level (MDL)=0.001
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Figure 14: Percent of Cu and Zn in the biofilm, matrix and tissue of F. vesiculosus, Sept. 
1999
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Discussion
Metals randomly come in contact with many places on the surface of Fucus or in their 
surrounds where they can bind or be adsorbed. Epiphytes, particularly the diatoms and 
bacteria, as well as the seaweed surface itself function as a barrier to metals passage. Each 
layer of the biofilm on the surface of seaweed or other substrata can bind or take-up metals. 
This includes diatoms and bacteria as well as the polysaccharides they produce. Scanning 
Electron Microscopy (SEM) was used to isolate the sites on the surface of the Fucus fronds 
where metal uptake occurred. SEM allowed examination of the surface constituents of Fucus 
vesiculosus, and the Electron Diffusion System (EDS) located the metals within different cell 
layers. Although the cell layers did not remain clearly defined following air drying, enough 
remained of their features to distinguish, in most cases, the epidermis, cortex and medulla. 
Bland and Brock (1973) described these layers in Sargassum filipendula, another brown alga, 
as the epidermis, representing the top 1-3 cell layers; the cortex, which is the layer beneath the 
epidermis and is of variable thickness. In the blade this layer is best seen in the region of the 
midrib. The medulla is the innermost layer of tissue and is comprised of small diameter, thick 
walled, elongated cells.
Diatoms are good binding sites for Cu as shown by Lindahl (1983) who examined air- 
dried samples of diatoms with EDS and found Fe and Cu were more frequently accumulated 
even when the diatoms were exposed to Mn, As and Zn as well. Other researchers like Hecky 
et al. (1973) tested diatoms for Fe and Cu and found no metals inside their cells. The use of
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fixed and embedded material may have resulted in the loss of soluble or loosely bound metal 
ions, as I found in my first experiments.
Environmental conditions can also alter uptake of metals by the diatoms. Lindahl et 
al. (1983) outlines a mechanism for diatoms to bind metals as the frustules, or outer shell of 
the diatoms, is composed of silica that has an outer carbohydrate layer with outward-directed 
hydroxy groups. Under alkaline conditions (Hecky et al. 1973) the OH-groups behave as 
cation exchangers, but as conditions become acidic the diatom surface functions as an anion 
exchanger. Naturally changing salinities and amounts of organic matter following storms etc. 
can create these conditions. When Bryan (1969) put diatoms in an acid environment, they did 
not adsorb Fe or K or Ca. Important for this study and the impact that diatoms may have on 
metals accumulation is the finding by Lindahl (1983) that increasing amounts of organic 
substances as well as increasing salinities can create a situation where more binding sites on 
the diatom surface are occupied by “non-metallic” cations e.g. H+, Na+ etc.
Metals have to be bioavailable to have any impact on the algae and there must be free 
binding sites available for them. The significance of diatoms in metal uptake is relative 
compared to their cell counts and amount of external polysaccharides produced. Cocconeis 
sp. was found clustered in dense groups in crevasses or where branching occurs by scanning 
electron photographs of the surface of Ascophyllum (Figure 15 and Figure 16). Like the 
Cocconeis, diatoms are sometimes plentiful on algal surfaces, and reduce metals availability to 
the host plant. Their populations vaiy with the seasons (Chapter 2), density of grazers etc. and 
may appear in patches on the algal surface illustrated by Sieburthand Tootle (1981).
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Figure 15: Cocconeis sp. on surface of Ascophyllum nodosum recovered by SEM
Figure 16: Cocconeis sp. on Ascophyllum nodosum surrounded by rod shaped bacteria
When the diatoms are present only in patches they have little impact relative to other parts of 
the biofilm in metal uptake.
Bacteria are often in evidence on surfaces not covered by diatoms. Bacteria are a 
major part of the biofilm on the surface of A. nodosum. Pictures taken of the surface of A. 
nodosum depict a “carpet” of bacteria. Allison and Sutherland (1984) found that bacterial
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contamination was limited to the growing tips of A. nodosum, while others have found a 
reduced bacterial population at the growing tips. In earlier work with A. nodosum, (Cundell et 
al. 1977) used SEM to examine the epiphytes in different segments representing age of the 
fronds. They found greatest diversity and counts of 1.1 x 10 8 bacteria cm "2 in the segment 
representing the 4 th year of growth. Release of polysaccharides by these bacteria aided 
attachment of pennate diatoms. Geesey and Jang (1989) also found this extracellular polymer 
layer formed during bacterial attachment and that covered the surface of a solid substrata.
The majority of bacteria living in aquatic/marine environments has a capsule or slime 
layer as their outermost component. The capsule is usually composed of polysaccharide with 
uronic acids plus “other substituted sugars”. They contain acidic functional groups such as 
free carboxl groups, which creates a net negative charge on the polymer (Haug 1961). The 
negative charge of the capsule/slime layer determines the amount of metal uptake, which 
follows a sequence of binding to the alginic acid that decreases in the order Cu>Ni, 
Co>Zn>Mn (Geesey and Jang 1989). The layer allows external metal accumulation by 
seaweeds with a covering of surface bacteria shown by researchers Holmes et al. (1991), 
(Cundell et al. 1977), Collins and Stotzky (1989), Hoyle and Beveridge (1983). Below the 
capsule or slime layer, the gram-negative bacteria have an outer membrane (OM) where 
metals accumulate (Collins and Stotzky 1989). In gram positive bacteria, cell walls contain 
teichoic acid, another effective chelator of metals (Bryan 1969). Metals can be passively 
immobilized in the cell envelope by binding of ions and charged groups, while metals can also 
be weakly held by adsorption.
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Holmes et al. (1991) showed that bacterial epiphytes can have a significant effect on 
the uptake of zinc as was shown by this bacterial population on the red alga Gracilaria 
sordida W.A. Nelson. EDS results of epiphytic examination indicated crystalline Zn located in 
the bacterial extracellular polymers and cell wall matrix. My results with Zn from July 
indicate that the surface layer did not have the highest concentration of the metal as it did in 
September. In July, the second layer of cells was where the Zn was concentrated.
Metals may also influence the amount of bacteria and their polysaccharides 
present. Increasing Cu and Zn contributed to coastal areas (Holmes etal. 1991) found 
that both extracellular polymers and the number of bacteria on Gracilaria tended to 
decrease with increasing concentrations of Zn up to 2.5 mg L Percival and McDowell 
(1981), found a 102 to 103 times increase in heterotrophic bacteria following Cu additions 
of 0.01 and 0.05 mg L 1 to an enclosed marine ecosystem (as part of the Controlled 
Ecosystem Pollution Experiments (CEPEX). The bacteria appeared to benefit from 
organic compounds excreted by phytoplankton in the tank, which initially declined after 
the copper treatments.
The exudates of Fucus (fucans or sulfated polysaccharides, phenols) may also 
contribute to metal accumulation. Besides the production of polysaccharides on the Fucus 
fronds, they are also exuded onto the surface of the fronds. Fucans are found in the 
intercellular tissues and in the mucilage that exudes from the surface of many brown algae as 
shown by Sieburth (1969). Holmes et al.(1991) found that release of polyphenols is 
influenced by irradiation of healthy algae; however, shock, stress or injury that can occur 
during collection or transportation can also lead to elevated polyphenol exudate. In nature,
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desiccation also can occur with exposure during low tides and exposure due to low salinities 
following storms. As an example, Pedersen (1984) showed how phenols increased with 
decreasing salinity and described the uptake and accumulation of heavy metals by physodes 
which hold phenols. The release of polyphenols into the water can lead to chelation of metals 
and decrease the metal exposure of the seaweeds. Leakage of the polyphenols in my 
experiments was visible within sample tanks experiments that quickly turned yellow during 
copper treatments. Zinc treatments also caused yellowing of the water, but not to the extent of 
the Cu treatments. Control samples remained colorless.
In this study higher percentages of copper and zinc in the Fucus samples were found 
within the surface biofilm and epidermal cell walls. Surficial binding of Cu and Zn on Fucus 
is an important mechanism for the accumulation of metals. Typically, the relative percentage 
of Cu and Zn in this study decreased below the first layer of cells, this pattern supports the 
accumulation of metals by components of the surface biofilm, including polysaccharides of 
bacteria, diatoms, as well as the silicon shell of diatoms. Ragan and Jensen (1979) indicated 
that the majority of the Zn was located either in the surficial polysaccharides or the cell surface 
of the G. sordida with only a small amount of Zn accumulated in the cytoplasm. My findings 
were similar, although this pattern was most strongly shown by Cu, not Zn. Concentrations 
typically decreased throughout the cross-sections as described above. Because sections of 
cells were studied and not particular structures or organs, this EDS study could only 
determine if cell walls or interstitial areas within specific cell layers contained elevated 
amounts of Cu or Zn.
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The cell wall in Fucus, like the surface material can bind metals as a result of 
constituents alginic acid (60%) (Evans and Holligan 1972) (Quatrano et al. 1979) and fucans 
(20%) (Quatrano and Stevens 1976). Alginic acid is the major polysaccharide in the cell 
walls of 16-24-h Fucus zygotes too (Haug and Smidsrod 1967). Haug (1961) found alginate 
to be important in the accumulation of calcium, strontium and manganese in brown algae as it 
functioned in ion-exchange between sea water and in the plant. Lignell et al.(1981) found an 
affinity between divalent metals and alginate extracted from Laminaria digitata. The metals 
decreased in the order Pb> Cu> Cd> Ba> Sr> Ca> Co> Ni, Zn, Mn> Mg. Lindahl et al.
(1983) also found appreciable amounts of cadmium in the cell walls, while Smith (1986) 
showed that “metal binding properties of the cell wall are quantitatively the most important 
factor determining the metal content of the plankton”. Negative charges may be present on 
algal cell walls following the disassociation of protons (H +) from sulfate, carboxyl or 
phosphate groups. The “polymers act as a sponge to adsorb cations from the environment” 
(Eppley and Blinks 1957). Lignell et al. (1981) found that cation adsorption may be high in 
seaweeds similar to Ascophyllum nodosum, because of the acidic and sulfated cell wall 
polysaccharides. I found both Cu and Zn on the surface of Fucus and Ascophyllum. Smith 
(1986) in a similar study, found appreciable amounts of cadmium in the outer cell walls and 
physodes of Fucus.
Fucus harvested from areas with very high levels of copper in the water column at 
the Fal Estuary, Devon, England was not found by Smith (1986) to have significant 
amounts of copper on the frond surface although he tried different types of tissue 
preparation to preserve tissue levels of easily solubilized compounds. Moffett and Brand
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(1996) collected Fucus from the Fal Estuary in Cornwall, England, an area known to 
have very high levels of copper in the water column, yet no significant amounts of copper 
were found on the frond surface. Cu was not found concentrated in surface 
polysaccharides and cell walls, instead small amounts of Cu were found in the cell walls 
of internal cell layers coupled with large amounts of Ca and Fe. Why Cu was not 
recovered from the surface is not known. Perhaps elevated metal concentrations in the 
Fal Estuary led to increased production of slime polysaccharides by the epiphytic 
bacteria, but which were later removed by the EDS procedures. Jones et al.(l 986) found 
that Cu added to a culture of the cyanobacteria Synchococcus stressed these cells so that 
they developed more slime that could bind the copper, so a mechanism does exist for 
elevated Cu on the surface as well as potential loss of Cu.
Instead of Cu being bound to the surface polysaccharides and cell walls, McCully 
(1966) found small amounts in the cell walls along with larger amounts of Fe and Ca. 
However, as cell layers within the alga were examined the concentrations increased. Large 
accumulations of Cu were found in dark-staining bodies in the photosynthetic layer (cortex) 
and non-photosynthetic inner layer (medulla).
The location of metals uptake by the seaweeds also has been examined. (Bryan 1969) 
exposed Laminaria digitata (Hudson) J. V. Lamouroux to zinc and found that it accumulated 
for a month at a constant rate; however, zinc was lost rapidly when the plant was killed. 
Sieburth and Jensen (1967) account for the loss ofZn by suggesting that Zn is not primarily 
attached to structural parts of the plant but combines with water-soluble material from the 
cells. Another possibility is that Zn may occupy binding sites on different material than Cu.
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DeBoer (1981) also found that the activity of the two metals (Cu and Zn) may lead to a 
decrease in the absorption of zinc by Fucus when copper concentrations are increased. At 
higher concentrations of Cu some cells appeared to be killed and rapidly lose material to 
which Zn was bound.
Besides EDS indicating that metal accumulation on the surface of the wing and midrib 
of Fucus, chemical analysis also indicated a significant amount of Cu and Zn in the surface 
biofilm. (Thomas et al. 1985) found in the tissue of Gracilaria sordida 11,000 pg Zn g'1 
following exposure to 5 mg Zn l i t e r i n  comparison, the Fucus in my study retained 4425 pg 
Zn g'1 dry weight in the tissue following exposure to 5 mg Zn l i t e r f o r  21 days. The 
biofilm had tissue in this study had the biofilm removed that also accumulated metals.
Some aspects of the experimental design may have influenced the results in ways 
that require further study. The biofilm was a significant accumulator of Cu and Zn in this 
study with air drying of the samples rather than use of harsh chemical probably 
increasing the recovery from surface constituents. Other factors such as continuous 
submergence of the Fucus may have altered the release of metal binding polyphenols 
either increasing or decreasing the amount and time of its release. Senescing algae, like 
the Fucus exposed to the copper and zinc, release polysaccharides which may have 
provided more surface sites for the metals or contributed to growth of bacteria in the 
biofilm that could also bind the metals. Although it was established that Cu was taken up 
by the biofilm and the Fucus tissue, the impact that elevated Cu concentrations and 
resulting death of the Fucus had on the metals uptake is not known.
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CHAPTER m
COPPERAND ZINC IMPACTS ON THE GROWTH AND GERMINATION OF 
FUCOID GERMLINGS UNDER VARYING ENVIRONMENTAL CONDITIONS
Introduction
Daily, germlings of the intertidal brown alga, Fucus vesiculosusa are exposed to 
varying environmental conditions due to changing of the tides and stormwater runoff. 
Germlings are believed to be one of the most vulnerable life stages (Vadas et al. 1990). Later 
stages may be more affected by biological hazards such as grazing rather than physical 
changes. Fucoid germlings are vulnerable to many different physical and biological 
challenges, including: wave action (Sundene 1973), salinity fluctuations, ice scouring (Vadas 
et al. 1990), exposure to pollutants and biological challenges such as grazing by Littorina 
littorea and other organisms. A decline of fucoid recruitment particularly Ascophyllum 
nodosum (L.) Le Jolis, has been reported by Vadas et al.(1990), although Keser and Larsen
(1984) found successful colonization of Ascophyllum and Fucus vesiculosus (L.) in Maine 
with Ascophyllum germling survival being higher than for Fucus germlings.
The present study attempts to evaluate how varying environmental conditions might 
affect the viability and growth of the fucoid germlings, particularly when coupled with 
exposure to the heavy metals copper and zinc. Salinity extremes occur twice daily in estuaries 
within the northwest Atlantic, similarly changes in pH and amount and kinds of particulate 
and dissolved carbon may occur with these tidal changes, as well as be further altered by 
runoff. Both copper and zinc are common in stormwater (Stromgren 1980) from residential
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and commercial areas, which makes it important to look at the effects of the two metals 
together. Stromgren (1980) found that when Cu was applied together with Zn to the brown 
seaweed Ascophyllum nodosum its reduction in growth was less than what might be expected 
from a single addition of either metal separately. After 9 days of exposure there was on 
average 30% less growth with Cu and Zn added together. With some genera such as 
Amphidinium cateri and Thalassiosira pseudonana., the two combined metals have been 
shown to act synergistically (Braek et al. 1976). The growth rate of A. carteri without added 
Cu and Zn was 1.7 divisions day but with the addition of 75 pg 1 *' of copper the growth 
rate was reduced to 0.8 divisions day Zn added singly at 100 pg 1 -1 did not affect the 
growth rate, but when added along with Cu at 75 pg 1 1 the growth rate dropped to 0.4 
divisions day1. Biological availability of the metals is also affected by changes in pH, 
temperature, salinity, suspended solids (organic and inorganic) and it is the biological 
availability that affects the toxicity of metals to the different growth stages of seaweeds.
Study Design
Germlings were tested under a range of low (15 ppt), mid (22-24 ppt), or high 
(32-34 ppt) salinities that would be typical of estuarine plants. Changes in salinity are 
often accompanied by other changes in environmental parameters so different amounts of 
organic matter, concentrations of metals, pH, presence or absence of a biofilm were 
included in the testing (Table 9).
A monthly assessment investigated if changes in environmental and biological 
conditions over the summer (June-August) could affect the uptake of the metals (copper
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and zinc) and toxicity to fucoid germlings. Nutrient levels fall throughout the summer, 
storm frequencies decrease and freshwater stream flow in tidal creeks reach the lowest of 
the year. Hydrological changes alter the amount of allocthonous particulate carbon and 
concentrates the humic acids delivered to the estuaries. Summer algal blooms contribute 
autochthonous DOC as well as particulate.
Reduced salinity coupled with other environmental changes from month to month 
may alter metal uptake by this alga. Germlings were initiated in natural seawater in June, 
July and August to examine this monthly change in conditions. Natural seawater was 
used rather than artificial seawater because of the organic matter (dissolved and 
particulate) present in the seawater, which can function as chelators of the added metals, 
as under natural conditions. Different filter pore sizes were used to produce seawater 
with low or high concentrations of organic matter or of dissolved organic carbon. 
According to Head (1976) particulate material is retained by a filter with a pore size of 
0.45 pm, material which passes in the filtrate being termed dissolved. Lock (1990) 
describes how organic matter can be divided into two fractions by filtration through 
filters with an average pore diameter of about 0.5 um. The fraction passing through the 
filter is termed dissolved organic matter (DOM) and its carbon content is referred to as 
dissolved organic carbon (DOC). The fractions retained by the filter, particulate organic 
matter (POM) and particulate organic carbon (POC), will also contain particles that are 
smaller than the pore diameter described. In seawater, carbohydrates are the largest 
group of organic carbon and may contain cellulose, glucose, galactose, mannitol, 
glucuronic acid, mannuronic acid (Wotton 1990). The change in type and amount of
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organic matter as well as salinity and pH reflect conditions that can occur in tidal rivers in 
response to runoff from different types of land use.
The testing strategy included culturing the germlings in varying concentrations of 
copper plus a combination of copper and zinc. The concentrations used were: 0.02, 0.2 
and 2.0 mg I"1 copper or zinc from Q 1CI2 (Fisher Scientific, Inc.) or ZnCh (Fisher 
Scientific, Inc.). Data are presented as mg I'1. Moles were calculated, but not presented 
since the molecular weights are almost identical for the CuCl2 and ZnCl2.
Table 9: Treatments given to  germlings o f  Fucus vesiculosus
Physical Factors Biological Factors Chemical Factors
Salinity: 15, 24, 32 Pre-established biofilm Cu-2.0, 0.2, 0.02 mg f 1 fine
ppt present on glass slides filtered seawater
Cu 2.0 mg f 1 coarse filtered
Coarse filtered No pre-established biofilm on seawater
seawater-0.45 glass slides
micron filter Zn and Cu tested in combination at
2.0, 0.2, 0.02 mg f 1 in fine filtered
Fine filtered and





Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Land use in the watersheds contributing contributing to the sample locations 
differed. Seapoint Beach (SP01) is relatively undeveloped area with limited sources of 
non point source pollution, with a few homes and a small unpaved parking lot. The 
watershed for the unnamed tributary to Brave Boat Harbor (BBH01) is in a low density 
residential area of Kittery Point and has two road crossings and some pasture land.
Retail business construction has increased enormously in the Spruce Creek 
(SC01) watershed within the past 10 years (1997-2007). The runoff from the parking lots 
and roofs from several of the businesses enters Spruce Creek in the vicinity of Route 1. 
The large areas of impervious surfaces contribute freshwater, as well as, metal and 
hydrocarbons to the tidal stream. Spruce Creek flows into the Piscataqua River estuary 
approximately 0.5 miles west of Pepperrell Cove (PC01) in Kittery Point. Parking lots 
and roof drains from the few commercial establishments located on Pepperrell Cove flow 
directly into the harbor. Some of these locations are directly impacted by metals in 
runoff flowing over them while others have more distant sources.
Analysis of the data was done with the use o f the programs Systat and Statview. 
Data were analyzed by month and of different salinities. The samples were analyzed 
with ANOVA by month and salinity.
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Materials and Methods
Seawater and seaweeds for the recruitment studies were collected at Seapoint 
Beach in Kittery Point, Maine, on the open coast of the Gulf of Maine. Lower salinity 
waters were collected at an unnamed tributary to Brave Boat Harbor, Kittery Point,
Maine which also flows into the Gulf of Maine. Salinities were measured using a 
Salinity-Conductivity-Temperature meter (Yellow Springs, Inc model 33). Seawater was 
brought back to the Jackson Estuarine Laboratory in plastic carrier jugs, kept in the dark, 
and refrigerated until use. The water was initially pre-filtered (glass fiber filters, Fisher 
Scientific, Inc.) and then filtered again with 0.45 pm Whatman Acid Treated Low Metal 
filters (Gelman Sciences, Inc.) to create the coarse filtered seawater (cf). Particulate 
matter was removed by this regime, but dissolved organic carbon and metals were 
allowed to pass through. Dissolved organic carbon (DOC) remained in the water. To 
remove the DOC, the cf seawater was filtered with 0.22 pm acetate filters (Micron 
Separation Inc.) which provided the fine-filtered (ff) seawater. The 0.22 pm filters 
remove bacteria as well as dissolved organic matter that can be very effective in binding 
metals, (McLachlan 1971).
The pH was measured with an Orion Research model 211 digital pH meter with a 
VWR Scientific Co. combination probe. All glassware was acid washed and autoclaved 
according to methods used at Jackson Estuarine Laboratory, University of New 
Hampshire, Durham, NH (Mueller et al. 1992).
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Field Methods
Reproductive specimens of Fucus vesiculosus (L) were used to produce zygotes 
and germlings. Fucus spiralis, with its period o f fertility later in the summer (August), 
was used on one occasion. The experimental regime was to test the effect on germlings 
of different physical and biological conditions with varying copper and zinc 
concentrations (Table 9). The salinities tested included 32-34 ppt (high salinity), 24-26 
ppt (medium) and 15-16 ppt.(low). Salinity was determined using a Salinity- 
Conductivity-Temperature meter (Yellow Springs, Inc model 33). The medium and low 
salinity waters were typically collected at Brave Boat Harbor (BBH) tributary at Route 
103, Kittery Point, Maine, while high salinity waters (32-34) ppt were collected at 
Seapoint Beach, Kittery Point, Maine. If low salinity water (15-16 ppt) was not 
available, then seawater from the BBH site was diluted with deionized water.
Dilutions of the metals copper (Q 1CI2, Sigma Chemical) or mixtures of copper 
and anhydrous zinc chloride (ZnCh) (FisherChemical Fisher Scientific, Inc.) were made 
from natural seawater prefiltered using metal free glass fiber filters (Fisher Scientific, 
Inc.). In the August experiments, the pH of the final concentration was adjusted to 8.0 
with concentrated H2SO4 or concentrated NaOH.
To test the role of the biofilm on germling development, acetone washed glass 
slides were deployed for biofilm development. The slides were slotted vertically on a 
wooden rack attached by rope to a cement block. The racks were placed at low tide in 
slightly protected locations within or adjacent to canopy fucoid fronds. They were 
deployed at Seapoint Beach (SP01) or Spruce Creek (SC01) for a period of 1 week.
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When retrieved, the entire rack was put into a plastic zip lock bag and then into a cooler 
containing ice. At the Jackson Estuarine Research Laboratory, the racks were 
refrigerated at 15 C until use within six hours.
Culturing of Fucoid Zygotes 
Reproductive specimens of Fucus were collected during low tides at Seapoint 
Beach, Kittery Point, Maine. Fronds of male and female plants o f the fucoid algae were 
gathered at low tide. The samples were put into a cooler with ice and brought to the 
laboratory where their receptacles were removed. The dioecious samples of Fucus 
vesiculosus were collected during June-August, while late August samples were 
monoecious plants of F. spiralis.
The methods employed for gamete release and establishment of zygotes were based on 
those described by (Thomas et al. 1985). Male and female receptacles from the Fucus 
vesiculosus were separated, cleaned by rinsing under tap water, and then placed on paper 
towels for 45 to 60 minutes to cause partial dehydration. Female receptacles were put 
into glass crystallization jars and covered with filtered seawater; they were then put into a 
15 C growth chamber overnight where they received at least 8 hours of light at 
approximately 35 p M (Li Cor Data Logger). Male receptacles were put on moistened 
paper towels in petri dishes and refrigerated overnight. The following day the male and 
female receptacles were combined and coarse filtered seawater was added to plastic trays 
that were lined with glass slides. Once the receptacles were rehydrated they began to 
discharge their gametes. The plastic trays were then put into a 15 C growth chamber 
overnight under a 16 hour day to 8 hour night cycle.
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. The next day the petri dishes, which contained the now attached zygotes, were 
transferred to plastic cell culture containers (Sigma, Inc.) with 100 ml of filtered (cf and 
ff) seawater containing the test metals. Two slides were added to each container to 
ensure enough material for the study. Three replicates were used for each treatment.
A schematic for the testing program employed is as follows:
3 replicates
2 slides in each replicate petri dish 
2 or 3 levels of treatment for the metal combinations




The treatment regime by month is included in Table 10.
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cf-coarse filtered; ff-fine filtered; Cu0.02, Cu2.0-copper at 0.02, 2.0 mg/l; CuZn0.02, CuZn0.2, CuZn2.0-copper added 
together with zinc at 0.02, 0.2, 2.0 mg/l; BF-biofilm grown on slides, NBF no biofilm; x-sampled; ND-not done
Germlings were kept in the treatments for 48 hours +/- 3 at which time the 
containers were removed and the measurements of the zygotes/germlings were made. An 
Olympus EH compound microscope equipped with an ocular micrometer was used for 
the measurements. Measurements were made of the length of 25 randomly selected eggs, 
zygotes or germlings from each of the three replicates. To obtain a random sample the 
slide was moved horizontally without looking in the eyepiece. When the ocular grid 
overlapped a single (or clump) of germlings/zygotes/eggs a length measurement was 
made. If a clump was present a length measurement was made of the germling in the 
center, one north, south, east and west. The procedure was repeated until 25 
measurements were made. Zygotes that did not germinate (no indication of the formation
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of a rhizoid) or occasional unfertilized egg were measured and noted allowing an 
estimate of germination success. In order to examine if the germination success changed 
over time, the containers were returned to the incubator and were measured again after 
another 48 hours.
The testing strategy included culturing the germlings in varying concentrations of 
copper plus a combination of copper and zinc. The concentrations used were: 0.02, 0.2 
and 2.0 mg I'1 copper or zinc from CuCT (Fisher Scientific, Inc.) and ZnCh (Fisher 
Scientific, Inc.). Growth conditions were varied with each sampling regime, although the 
concentration of metals remained the same in each trial.
Analysis of the data was done with the programs Systat and Statview. It was 
graphed with Prism. Data were analyzed by month and different salinities.
Stormwater Testing
Stormwater was collected in August, 1998 after a three day antecedent dry period. 
It was collected from a parking lot that drains directly into Pepperrell Cove, Kittery Point, 
Maine. “First flush” from sheet flow off the parking lot was collected into acid washed 
plastic containers as stormwater poured over the “lip” of the macadam. Fucus spiralis 
germlings, from parent material collected at Seapoint Beach, Kittery Point, Maine, were 
used for testing. Seawater at 32 ppt was measured using a refractometer and pH of 7.3 
standard units determined using a pH meter (Orion model 211) standardized with buffer 
solutions at 10 and 7 standard units. The stormwater had a pH of 6.4. The fucoid 
germlings in seawater were given so 40 hours for attachment. Filtered seawater (0.22
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pm) and deionized water were used to make 0%, 12.5 %, 50%, 75% and 100% dilutions 
of the stormwater. The various treatments are shown in Table 11.
Table 11: Stormwater dilutions and salinities, August 1998 used in the germling testing
Treatment












Germination success of Fucus vesiculosus was examined during June, July and 
August 1998. The controls indicate the high success rate of fucoid germination at high 
salinities (32-34 ppt) compared to lower ones (Table 12). In the combined copper and 
zinc treatments, the treatments at higher salinities also had the most successful 
germination, but germination was severely affected by Cu at 2 mg I"1 as well as Cu and 
Zn in combination at 2 mg I'1. Zygotes in low and mid salinity ranges were the most 
adversely affected.
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The percentage of successful germination in June and July ranged from 32.6 to 
45.3 for controls started in 15 ppt seawater. When the control results are compared to the 
results of treatments with added metals, the severe effects of the metals are indicated. 
Even in the lowest metal concentration (0.02 mg I'1 o f added Cu and Zn) only 12 % of the 
zygotes in June germinated. The same metals concentration in July had less impact on 
germination since over 50 % of the zygotes germinated, this percentage was even higher 
than for controls. How the added metals at this low concentration may have benefited 
germination is not known at this time.
At 26 ppt. seawater, in June, germination of controls doubled from that at 15 ppt. 
The success of germination increased markedly for the low concentration metals 
treatments in 26 ppt seawater over those in 15 ppt. Any protective factors, such as the 
buffering of ions present at higher salinities, were still overwhelmed by Cu or Cu and Zn 
at 2 mg f 1.
Controls in July for the 26 ppt samples did better than in June, but germination 
for the low concentration metals (0.02 and 0.2 mg l 'Cu and Zn combined) remained 
similar to June’s. The pattern was different for the Cu and Zn combination at 2 mg I"1 in 
coarse filtered seawater as the percent germination went from 1.3 % in June to 44.0 % in 
July. Samples in fine filtered sweater did not show this increase.
Germination for the controls in 22 ppt seawater declined in August. It is not 
known if this was because of the lower salinity (22 ppt), the lateness of the season and its 
physiological impacts on reproduction or use of F. spiralis in place of F. vesiculosus.
The August samples included some that were initiated on an established biofilm.
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Samples in 2 mg I'1 Cu and Zn with or without a biofilm present indicated that 
germination increased when the samples in fine filtered seawater were adjusted in pH to 
8.0 standard units. Germination increased even further to 27 % for zygotes initiated on 
slides with a biofilm, but that had been adjusted to pH 8.0 (Table 12).
The month of the year also affected germination. The lowest overall germination 
percentages were the 15 ppt treatments in June. Germination in the 15 ppt treatments 
improved in July, but improvement in germination also increased for the other salinities. 
Unfortunately, refrigerator failure in August destroyed the 15 ppt treatments, so further 
comparisons could not be made.
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Table 12: Germination of fucoid germlings-June, July and August 1998
Treatment June
Germinated %, n=tot count
July
Germinated %, n=tot count
August
Germinated %, n=tot count













































































































































Germination success at salinities 32-34 ppt. in June was slightly higher than the 
June controls in 26 ppt seawater. The controls in both 25 and 34 ppt had similar success 
in July, but in August a wide disparity was evident with the higher salinity having much 
greater success (Table 12 ). At low metals concentrations (Cu and Zn 0.02 and 
0.2 mg l-1) germination rates remained high in June and July. In August, F. vesiculosus 
var. spiralis may have been negatively impacted by the Cu and Zn at 0.2 mg I'1 since 
there was a large drop in germination success. Like the treatments in 22 ppt seawater,
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there may have been some benefit to the pH 8.0 adjustment since germination of the Cu 
and Zn 2 mg f 1 was higher than in June and July for the same treatment without the pH 
adjustment.
Extended Time Germination Patterns
Zygotes were examined and counted after 2 days. The July 15 ppt and 25 ppt 
combined Cu and Zn samples (Figure 17) were counted after 2 and 4 days. The objective 
of this experiment was to determine whether the metal treatments might be delaying 
germination by suppressing cell division. At 15 ppt an increase in germination after 4 
days was seen in the low concentrations of the combined Cu and Zn, but in the 2 mg F1 
concentrations germination declined. The 15 ppt CuZn0.2- fine filtered samples most 
increased in germination with the 2 extra days. For the 25 ppt, all except the control- 
coarse filtered treatments increased their germination percents following 4 days including 
the CuZn 2 mg F1.
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Figure 17: Mean percent germination of Fucus after 2 and 4 days at 15 ppt and 25 ppt.
Mean Growth of Fucus vesiculosus Germlings
When growth of the fucoid germlings was examined by salinity and treatment, the 
patterns that emerged were similar to those found when germination was examined 
(Table 13). The controls of each level of salinity had the best overall growth in pm 
compared to the overall growth of other treatments. At full salinity (32-34), even with 
the addition of metals, growth of the germlings occurred and germlings grew better at 
these salinities. At all salinities tested the highest metals concentration where growth 
occurred and was measurable was the combination Cu and Zn at 0.2 mg I'1.
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Table 13: Mean of overall growth of Fucus vesiculosus germlings in 
microns: as affected by copper and zinc concentrations (0 .0, 0 .02, 0 .2 , 2.0 
ppm) copper (0.0,0.2,2.0 mg I'1) and by salinity (15,24, 34 ppt)
15 ppt
Control 0.0 CuZn 0.02 CuZn 0.2 CuZn 2.0 Cu 2.0
















Control 0.0 CuZn 0.02 Cu/n 0.2 CuZn 2.0 Cu 2.0
















Control 0.0 CuZn 0.02 CuZn 0.2 CuZn 2.0 Cu 2















*cf-coarse-filtered seawater, **ff-fine-filtered 
seawater
Monthly Growth Pattern. As indicated by ANOVA results, germling growth in June was 
significantly affected by salinity, metals or the amount of organic matter (Table 14), 
which lead to rejection of the null hypothesis. The combination of the metals Cu and Zn 
also significantly affected growth (p=0.000, F-ratio 406.266).
Several factors had a positive effect on growth both alone and in interaction. 
Filter type and the combination of copper and zinc at 2.0 mg I'1 significantly affected 
growth (p=0.000, F-ratio 50.8). Germlings grown in coarse filtered seawater typically 
had better growth (Table 14) than those in fine filtered seawater. At each salinity tested
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in June by ANOVA’s, there was a significant difference between growth of coarse and 
fine filtered controls at pO.OOOl.
In June, the best salinity for growth as well as germination remained 32 ppt 
(Table 14). Salinity also had a significant effect on growth when combined with added 
Cu and Zn (p=0.000, F-ratio 25.906). The interaction of filter type (a surrogate for the 
type of particles present) with salinity was also significant (p=0.000, F-ratio 12.309). 
Consistently better growth occurred in the coarse filtered (0.45 pm) seawater compared 
to the fine filtered (0.22 pm) including in 32 ppt seawater with 2 mg I"1 of Cu and Zn 
added. In the metal treatment, germlings grown in coarse filtered seawater had 
significantly better growth (p<.0001) than the same treatment in fine filtered seawater 
(Table 17).
Table 14: Mean length of Fucus vesiculosus germlings in microns following exposure to varying salinity, 
coarse filtered or fine filtered and copper and zinc or copper treatments-June 1998
Treatment 15 ppt 26 ppt 32 ppt
cf ff cf ff cf ff
Control 87.1,n=7 81.1,n=77 106.5,n=75 103.5,n=75 112.0,n=75 102.5,n=75
CuZn0.02 76.8,n=75 94.7, n=75 107.0,n=75
CuZn0.2 79.1,n=75 89.3, n=75 91.0,n=74
CuZn2.0 75.7,n=7 72.9, n=75 77.1,n=75 78.2, n=75 82.9,n=75 74.7,n=74
Cu2.0 76.1,n=78 78.2,n=74 77.1,n=77
Table 15: Mean length of Fucus vesiculosus germlings in microns after exposure to varying salinity, 
coarse filtered or fine filtered and copper and zinc or copper treatments-July 1998
Treatment 15 ppt 25 ppt 34 ppt
cf ff cf ff cf ff
Control 105.5-n=75 99.3-n=75 106.3-n=75 102.6-n=72 137.9-n=75 129.8-n=75
CuZn0.02 nd 97.9-n=75 nd 89.5-n=75 nd 126.1-n=75
CuZn0.2 nd 90.7-n=75 nd 70.0-n=75 nd 106.3-n=75
CuZn2.0 84.3-n=75 82.6-n=75 75.5-n=75 70.7-n=75 75.5-n=75 75.0-n=75
Cu2.0 nd 83.5-n=75 nd 70.7-n=75 nd 73.3-n=75
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Table 16: Mean length of Fucus vesiculosus germlings in microns after exposure to varying salinity, 
coarse filtered or fine filtered and copper and zinc or copper treatments-August 1998
Treatment 15 ppt 22 ppt 34 ppt
bf ff-nbf bf ff-nbf bf ff-nbf
Control nd nd 91.9 102.5 131.6 139.8
n=60 n=60 n=90 n=110












CuZn2.0 nd nd 72.8 77.1 73.3 75.5
n=60 n=60 n-90 n=86
Cu2.0 nd nd 75.2 76.1 73.7 74.7
n=60 n=60 n=73 n=106
Growth of germlings in July was significantly affected by the additions of Cu and 
Zn, (p=0.000, F-ratio 132.1), salinity (p=0.000) and the amount and type of organic 
matter in the seawater (p=0.000) (Table 15). Regardless of the salinity, coarse filtering of 
the seawater, so that dissolved organic matter (DOM) remained, benefited the growth of 
the germlings. Overall, July germlings had better growth than the June germlings at 32 
ppt.
In August, the use of glass slides with a previously established biofilm mimicked 
the natural condition for germling growth (Table 16). Germlings were initiated on a 
biofilm with pH adjustment to 8 standard units. ANOVA’s were run with SYSTAT on 
tests run at salinities 22 and 34 ppt (n=1213). Again, the parameters salinity (p< 0.000), 
and combined metals (Cu and Zn) (p< 0.004) significantly affected growth (Table 17) as 
well as the interaction between salinity and the metals (p<0 .000).
The predominant effect of the biofilm on germling growth in August was negative 
under the conditions of this experiment, negating the hypothesis that there would be no
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significant difference between growth with or without a biofilm. Germling growth on 
control slides with no biofilm did significantly better (p<0.0001) at 22 and 34 ppt than 
germlings grown on the biofilm (Table 17 ). Even the no biofilm slides in the Cu and Zn 
0.2 mg f 1 combination had better growth of their germlings in 22 ppt. seawater in August 
than with the biofilm.
Slides with the biofilm (bf) developed had less growth than slides without a 
developed biofilm (nbf). Table 17 has shaded rows indicating significant results. When 
the control b f and nbf samples were compared at 22 ppt and 34 ppt, there were significant 
differences with the higher salinity and nbf slides typically having higher growth means.
Controls at 22 ppt or 34 ppt did significantly better when no biofilm was present 
(Table 17), yet the CuZn 2 mg I'1 combination often had a slightly higher mean when the 
bf slides were pH adjusted to 8.0 standard units. If treatments with no biofilm were 
compared, the one with the pH adjustment regardless of the salinity would typically have 
the higher mean. The same trend was evident if the two treatments were on slides with a 
predeveloped biofilm; the mean of the pH adjusted treatment would typically be higher.
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For comparative purposes, Figure 18 indicates the length in microns of germlings in 
15,24,32/34 ppt seawater with added metals. Copper at 2 mg I'1, regardless of salinity, had 
no growth. While for Cu and Zn at 0.02 mg F1 the positive effect of the change in salinity and
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increased ions is evident. The competition for binding sites is evident as growth increased 
with increasing salinity and increasing pH. The year after the germling experiments were 
done another trial was done in 24 ppt using F. spiralis testing Cu added alone and Zn added 
alone, most other tests were in combination. The results are included in Figure 19. Although 
limited results were obtained, n ranged from 22 for Zn 0.2 mg f 1 to 34 for CuZn 0.2-cf mg f 1 
and Cu 0.2-cf. mg I'1, the evidence does suggest that the Zn 0.2 mg f 1 treatments are less 
harmful to the germlings than the Cu mg I'1. Growth of the combination treatments CuZn 0.2 
mg I'1 either in coarse-filtered or fine-filtered seawater was reduced from the Zn alone but 
slightly better than the Cu alone treatments.
Germlings of F. vesiculosus grown in low salinity water (15 ppt) had reduced 
growth (Table 18). The controls grown in 15 ppt had the lowest mean length 
measurements compared to those grown in other salinities. Germlings initiated in July 
did better than those initiated in June at the 15 ppt salinity and this relationship was true 
for all treatments.
Table 18 ANOVA results o f Fucus germling growth at 15 ppt salinity examined by month






Control 15 coarse June n=77 July n=75 August-ND* Ju ly ,+18.389 <.0001,significant
Control 15 fine June n=77 July n=75 August-ND* Ju ly ,+ 18.229 <0001,significant
Cu2 15 fine June n=78 July n=75 August-ND* July, +7.508 0.0023,significant
CuZn0.02 15 fine June n=75 July n=75 August-ND* July, +21.067 <.0001,significant
CuZn0.2 15 fine June n=75 July n=75 August-ND* July ,+11.533 <0001,significant
CuZn2 15 coarse June n=75 July n=75 August-ND* July, +8.600 <0001,significant
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Results from ANOVA’ s run in Statview indicate that there was a significant 
difference between the controls in coarse filtered (cf) and in fine filtered (ff) seawater at 
24 ppt. (Table 19). The coarse filtered mean was 106.4 pm (n=150) and for ff it was 
100.4 pm (n=267). The differences were significant (p=0.0017, d f 415, t-value 3.151). 
There was no significant difference between Cu and Zn in fine filtered or coarse filtered 
seawater at 2 mg I'1 at 24 ppt (p=0.2102, n =517, t-value 1.255). The germlings at 2 mg 1 
1 copper had the lowest growth, with a mean of 74.9 pm. However, it was not 
significantly different from the Cu Zn at 2 mg f 1 ff (p=.5986, df 637), which would have 
indicated an agonistic effect of the metals in combination.
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T r e a t m e n t
Figure 18: Fucus germlings in different salinities and varying metal treatments
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Figure 19: Cu and Zn treatments to F. spiralis germlings in 24 ppt seawater
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Table 19 ANOVA results of Fucus germling growth measured in microns at 22-26 ppt.
Treatm
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At the 32-34 ppt seawater treatments, the mean growth for the coarse filtered 
control was 125.0 +/- 21.23 pm (n=150) while the fine filtered control was 125.9 +/- 25.4 
pm (n=260) (Table 20). A t-test showed that their growth was statistically different 
(p<0.0001). None of the treatments did as well as the controls although the CuZn 
combination at 0.02 mg f 1 had good growth with a mean of 116.6 +/-18.3 pm (n=150) 
for the fine filtered samples. As the metal concentration increased the mean growth 
decreased. Thus, the CuZn2 coarse filtered sample was significantly higher (p<0.001) 
than the fine filtered samples at 34 ppt.
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Table 20  ANOVA results of growth of Fucus germlings with significance determined by Fisher’s PLSD
Treatment Salinity Month Mean
difference














































Germling studies indicated that salinity has a significant effect on the impact that 
metals have on growth. Germlings grew best at salinities of 32 ppt followed by 24 and 
then 15, germination was also most successful at 32 ppt. Filtering of the seawater into 
two different fractions, with the 0.45 pm filters (coarse filtered, cf) removing the 
particulate matter and the 0.22 pm filters (fine filtered, ff) removing most of the 
dissolved organic matter, has a significant impact on growth and germination. Coarse 
filtered samples do consistently better than ff, with organic mater removing metals 
through chelation and reducing exposure to the metals. The addition of 0.02 mg I"1 of 
CuZn may have enhanced the growth of the 32 ppt ff samples since their mean was 
higher than the ff-control, but not greater than the cf control in June. Germlings also do 
better when there is no pre-established biofilm than when one is present. This is at all 
concentrations of metals which ranged from 0.0 to 2.0 mg I'1 copper and zinc together 
and copper alone. It is not known if this was an artifact of the conditions in the 
environmental chambers. The exposure period was four days but the lack of water 
exchange and the large amounts of organic matter may have resulted in low dissolved 
oxygen, and high reducing conditions that may have harmed gametes or zygotes.
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Stormwater
Stormwater effects on germling growth are not just the result o f a decrease in 
salinity. Germlings grown in dilutions o f stormwater made with de-ionized water had 
better growth than those made with seawater (Table 21). Comparisons between 
deionized water and stormwater showed the 12.5% dilution (p=0.0001, df 118 mean 
difference 11.1 pm) of deionized water doing significantly better. The 50% deionized 
dilution did significantly better than the 50% stormwater (p=0.0001, df 118) with a mean 
difference of 11.4 pm. The 75 % dilution deionized water also had significantly better 
growth (p<0 .0001 , df 118) than the same dilution made with stormwater.
Results from a comparison using an unpaired t-test of 100% stormwater and 
100% deionized showed no significant difference (p=.3159, df=l 18) in percent 
germination for these two treatments.
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Table 21: Stormwater impacts on growth of Fucus spiralis germlings-August 1998: salinity (ppt), mean 
growth (pm)
Stormwater% Dl water % Seawater % Salinity (ppt) Mean pm 
n=60
12.5 0 87.5 29 103.5
0 12.5 87.5 29 114.6
50 0 50 18 95.8
0 50 50 18 107.3
75 0 25 8 90.6
0 75 25 8 109.5
100 0 0 1.5 73.5
0 100 0 0 72.5
0 0 100 32 102.8
There was a low germination in 75% stormwater (63.3%) versus 95 % for 
samples made up of 75% deionized water (Table 22). When stormwater was decreased 
to 50% germling success increased to 78.3%, but it was still less than 50% deionized with 
91.7% germination success.
Table 22: Percent germination of Fucus spiralis in stormwater of varying concentrations
Treatment % Germinated % Not germinated %
100% deionized 0.00 100
100% seawater 90.0 10.0
100 stormwater 5.0 95.0
12.5% deionized 95.0 5.0
12.5% stormwater 91.7 8.3
50% deionized 91.7 8.3
50% stormwater 78.3 21.7
75% deionized 95.0 5.0
75% stormwater 63.3 36.7
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Discussion
The metals copper and zinc have a deleterious effect on both the growth and 
germination of fucoid zygotes. The effect can be mitigated by altering the availability of 
the metals through changes in environmental conditions. Such factors are controlled by 
the tides and seasons and include changes in salinity, temperature, pH and loadings of 
organic matter. Loading of metals to marine waters also is changing. As point sources of 
metal pollution are reduced, eliminated or regulated through restrictions imposed by the 
Clean Water Act, the remaining nonpoint sources are contributed mostly via a freshwater 
medium in stormwater to rivers, coastal and estuarine environments.
Laboratory experiments conducted with germlings were designed to determine the 
effects of naturally occurring conditions. Thus, low and high salinity waters with varying 
amounts of organic matter were used to mimic locally occurring conditions. The 
bioavailability of metals is affected by these changing conditions. The reproduction and 
growth of germlings of F. vesiculosus are especially vulnerable to Cu and Zn when 
salinity and organic matter are low. The upper part of Spruce Creek at Route 1 receives 
stormwater from several street drains and stormwater retention ponds that may contribute 
metals and reduce salinity. In contrast, high salinity waters with large amounts of organic 
matter found near the mouth of tidal rivers offers some protection to F. vesiculosus 
germlings from Cu and Zn.
Natural environmental conditions can enhance a toxic situation to algal germlings. 
Extended periods of low salinity may occur in tidal streams and the upper estuary of 
Kittery Point following storm events and the reduced tucoid community in upper reaches
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of the tidal creeks like Spruce Creek in Kittery Point may have resulted from this effect. 
Because the upper part of Spruce Creek has extended periods of harsh conditions for 
intertidal plants including low salinities from stormwater containing Cu and Zn from 
parking lots and roofs, the complex of stressors may have impacted the fucoid 
community.
The timing of metals exposure is also important with early life history stages 
often being the most vulnerable (Chung and Brinkhuis 1986) (Braek et al. 1976). Chung 
and Brinkhuis (1986) studied the effects of copper on settlement and germination of 
meiospores of Laminaria saccharina in filtered seawater plus UV in copper 
concentrations up to 500 pg I'1. Seawater used in their seawater as well as in my study 
were filtered with 0.2 pm filters to remove all but colloidal forms of dissolved organic 
matter. Chung and Brinkhuis then treated the seawater with UV light. They found no 
effect on zoospore settlement and germination with copper concentrations up to 500 pg 
Cu T1 (Chung and Brinkhuis 1986). However, young sporophytes (1-3 cm long) showed 
100 % mortality in 100, and 500 pg I'1. I found that Fucus sp. zygotes germinated and 
grew at concentrations ranging from 20 to 2000 pg I'1.
Although it makes it more difficult to determine the actual metal that caused 
harm, metals in combination were used in this study since they are commonly found this 
way in discharges. The combination of metals can work either synergistically or 
antagonistically. Glenhill et al. (1997) found that copper toxicity in seawater can be 
reduced by the presence of metal hydroxides of Mn, Fe, Co, Cr and Al, that can block 
copper from entering the cell. Glenhill et al. (1997) also found that zinc uptake was
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reduced and stored concentrations were reduced when copper was added to a treatment. 
The death of cells from copper toxicity caused the release o f zinc bound to the algae. 
Increasing the concentration of a metal in the overlying water can lead to substitution of 
the most active metal for another and copper is more active than zinc.
An indication of the differences in Cu and Zn was shown in the experiment using 
treatments of Cu and Zn added alone. The coarse filtered treatments all had better growth 
regardless of the metal added and in the controls as well. The outcompeting of Zn by Cu 
for binding sites is indicated in the combined Cu and Zn treatments where growth was 
reduced from the Zn alone, but similar to Cu alone. The Zn, which is highly beneficial to 
the Fucus and other seaweeds, did not have an immediate positive effect on growth.
Braek (1976) examined the effect of zinc in combination with copper on the 
growth of several different phytoplankton in culture: Phaeodactylum tricornutum Bohlin, 
Skeletonema costatum (Grev.) Cleve, and Thalassiosira pseudonana (Huds.) Hasle, and 
Amphidinium carteri Hulburt. Zinc and copper acted synergistically in cultures of S. 
costatum and T. pseudonana. When added together, growth occurred at lower 
concentrations than when added to cultures individually. However, the metals in the P. 
tricornutum culture appeared to have an antagonistic effect. In this culture the toxic 
effect of the copper was reduced by the addition of zinc.
The impact of the addition of metals on germination and growth of juvenile 
fucoids declined as the salinity increased. The change in bioavailability of the metals 
with shifts in salinity is partially responsible for germination success. The free copper 
ion Cu2+ is the most toxic form of the copper and represents approximately 7% of the
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copper found in seawater. In fresh water Cu2+ represents approximately 3 % (Dryssen 
and Wedborg 1980). Most copper exists in fresh water as Q 1CO3 or in low alkalinity 
water Cu(OH)2.
In contrast to copper, zinc’s solubility decreases in freshwater, but increases in 
seawater with the formation of complex ions. In low alkalinity river water 96% of Zn is 
present in the ionic form (Greive and Fletcher 1975) Free dissolved zinc is formed in 
higher salinity waters (Erickson and Benoit 1996), while in lower salinity and fresh water 
zinc is bound to organic and inorganic particles. As a particle moves from the 
headwaters of a tidal tributary to the estuary, its toxicity is altered based upon its 
solubility. As the suspended particulate zinc moves into saline waters the zinc desorbs 
and becomes part of the dissolved metals loading.
In seawater the free Cu2+ species of dissolved copper (<0.45 pm) forms 
complexes primarily with organic matter. Supplemental organic matter was not added in 
these experiments, instead more metals were added to natural waters to see if the natural 
binding capacity was exceeded. Under natural conditions both events may occur. Nelson 
(1985) found that increasing the binding of copper by natural ligands present in river 
water was associated with decreased toxicity of a given supplement of Cu. Thus, 
additional metals do not automatically lead to increased algal toxicity. Because of 
increasing organic ligand concentrations in estuaries, the increase in free Cu with 
decreasing salinity results in a very low concentration of copper of around 10 134 to 10 
12 4 M in seawater (Sholkovitz 1976). The extent of copper complexing is determined by
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measurements of the complexing ligand cone (Q) and the stability o f the complex 
defined by the conditional stability constant ( K ’cul)
(K ’Cul)=(CuL)/((Cu2+)*(L ’))
CuL is the cone of the copper ligand complex
Cu is the cone of free copper
L’is the cone of ligand not complexed by copper.
Besides the success of high salinity (32-34 ppt) treatments, coarse filtered 
seawater treatments had more successful germination and better growth than those started 
in fine filtered seawater. The coarse filtered seawater contains both particulate and 
dissolved forms of carbon which can chelate or form complexes with the metals in the 
treatments, thus reducing toxicity (Duinker 1980). According to Duinker (1980), organic 
matter in natural waters is able to modify the solubility and the redox potential and 
precipitation behavior of metals. The primary role of natural organics Sunda and Lewis 
(1978) is in transporting heavy metals through complexation mechanisms. Organic 
matter, present in dissolved or particulate form, can act as a chelator or as a ligand and 
bind up the metal, altering its availability to cross the cell membrane.
Some constituents in river water, such as humic/fulvic acids, particulates, and 
dissolved organic carbon are natural ligands (Sieburth and Jensen 1968). The ions or 
molecules that surround a metal in a complex ion compose a ligand. The organic ligands 
include: R-COO-, R-OH, R-SH. Since the solubility of humic acids is dependent on 
salinity (Thurman 1985), low salinity waters may have large amounts of humic and fulvic 
acids especially if they reached tidal waters through draining of marsh land. After a river
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travels through a marsh Thurman (1985) found it contained 10 to 15% DOC. These 
humic materials can adsorb or chelate metals by ion-exchange (Burney 1990).
The amount and kind of organic material present in this study depended upon 
whether the treatment water was filtered with fine filters or coarse filters. Conditions 
present at sampling time such as recent runoff or in situ production by phytoplankton and 
periphyton followed by extracellular release also would affect organic material 
concentrations (Burney 1990). The dilutions of natural seawater used in this study are a 
reflection of what occurs in the environment.
Burton (1976) found dissolved organic carbon varied seasonally. Spring (May) 
and September values were elevated in the Shetucket River in Connecticut 6.2-10 mg f 1 
and the same stream had minimum DOC concentrations in January to April of 2-4 mg I'1. 
However, a maximum of DOC of 26.4 mg I'1 was found in conjunction with runoff 
events. Burney (1990) found that the seasonal maximum and minimum of DOC in 
estuaries and coastal waters often peaks in summer or in association with spring or fall 
phytoplankton blooms.
Another autochonous source of organic ligands is the macroalgae. According to 
Sieburth and Jensen (1970) much of the dissolved organic carbon in the intertidal zone 
occurs as a result of leakage from the macroalgae such as Ascophyllum sp., Fucus sp.
The fucoids may exude up to 40% of its net fixed carbon following dessication. The 
exuded material consists mostly of the carbohydrate mannitol but there are also 
polyphenols, amino acids and polypeptides. Some of the organic carbon that is released 
may remain on the surface of the seaweeds where chelation of metals can occur. Metals
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are thus impeded from crossing cell membranes and they accumulate on the outside o f 
the cells.
Effects of pH
The toxicity of metals to germlings is also affected by the pH of water samples.
At full salinity the pH of seawater is approximately 8.0. In seawater the copper 
speciation is dominated by Cu(OH)2, but with a decrease in pH the uncomplexed cupric 
ion concentration increases (Morel and Hering 1993) (Zirino and Yamamoto 1972). At 
pH 7.7 free Cu increased slightly to approximately 13% (Peterson et al. 1984). The 
greater availability of Cu led to reduced germling growth as indicated by the drop when 
the pH was experimentally dropped to 7.8 standard units.
Treatments grown on the biofilm had an even steeper decline in growth. Tidal 
creeks experience this drop in pH when the buffering capacity of the seawater is reduced 
following a rainstorm. The lowered pH results in the release of metals from the seawater 
and from the biofilm, increasing the toxicity of the biofilm. Dryssen and Wedborg 
(1980) also found that at low pH, metals tend to be more toxic since more exist as free 
cations, while they form insoluble hydroxides, oxides, carbonates or phosphates at higher 
pH and more saline waters. Trace metals originally present in humic materials or taken 
up in river water may therefore be desorbed in estuarine waters (Gutnecht 1961).
Zinc is also affected by changes in pH. Gutnecht (1963) found that adsorption of 
zinc 65 was twice as high at pH 8 than at pH 7 and three times higher at pH 9 as at pH 8.
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Low pH results in greater zinc loss from binding sites and high pH increases Zn 
absorption. According to Gutnecht (1963) external pH changes probably affects the 
cation exchange capacity of weak acids in the cell wall, while an internal pH increase 
might promote cation absorption by increasing the Donnan potential of the protoplasm. 
Burney (1990) describes the Donnan potential as being created when an ion-exchange 
membrane develops an electrical potential difference when there are two solutions 
separated by this membrane and there is zero mass transport and zero charge transport.
Stormwater
Along with transporting copper and zinc, stormwater can contain large amounts of 
organic matter that can reduce the toxicity of heavy metals by creating organic 
complexes. The amount of watershed vegetation can also affect the DOC content of 
streams with undisturbed watersheds having higher values than clear-cut ones (CSF 
Treatment Systems 1993). Spruce Creek watershed Kittery, Maine has changed since the 
early 1980’s from being primarily pastoral and forested land to a watershed containing 
large impervious areas created by a strip of outlet malls. Runoff from these areas leads to 
higher metal loads and lower salinities in the receiving water that can significantly impact 
the ecology of the area. The copper and zinc concentrations used in this study ranged 
from 0.02-2 mg f 1 and represent values that have been found in stormwater. The first 
“flush” of stormwater in a September storm in Hillsboro, Oregon had mean Cu 
concentrations of 0.0533 mg l'1 and 0.415 mg T1 for Zn (CSF Treatment Systems 1993), 
while total suspended solids found in the first flush of a storm in January 1993 was 174.0
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mg I'1 (Daukas et al. 1990). The mean storm-event concentrations measured in the Seven 
Mile River, downstream from North Attleboro, Massachusetts were Cu 0.031 mg I'1 and 
Zn 0.108 mg T1 (Lobban and Harrison 1997).
Fucoid germlings experienced toxic effects when exposed to the stormwater 
dilutions made from runoff from a parking lot that drains directly into the mouth of 
Piscataqua River Estuary at Kittery Point, Maine. Any pollutants in the stormwater 
drained directly into the intertidal zone from the parking area. Stormwater mixed with 
seawater suppressed growth of Fucus compared to seawater samples mixed with DI 
water. Stormwater was toxic at every dilution and affected growth. Even at 12.5 % 
stormwater, toxic effects were found. The overlap of fucoid reproduction, germling 
growth periods and spring rainstorms may impact populations of fiicoids in areas where 
metals are in the stormwater. Organic loadings may mitigate the effect of the metals 
initially, but the stormwater constituents change over the storm event. Other changes 
occur once the stormwater reaches the intertidal plants and once the stormwater mixes 
with seawater. At high tide intertidal plants may be covered by seawater, but even at % 
of full salinity the toxicity of the metals Cu and Zn is reduced. Conversely, at low tide 
the fresh stormwater flowing over the plants may reduce germination success.
Besides metals binding to organic particles in seawater, chelators are present on the 
seaweed and other surfaces. Cu may stress the host seaweed or surface organisms so that 
chelators are released that reduce the free Cu. Additional contributions of copper may have 
special effects because coastal waters may not be far from being toxic for copper.
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Overall Conclusions
The fucoid algal {Fucus and Ascophyllum) dominance of the intertidal zone of the 
northwest Atlantic coast leaves them exposed to metals from mn-off and from point 
sources located on rivers and streams. The types and locations of sources change over 
the year along with environmental conditions creating periods of greatest algal 
vulnerabilities and metals bioavailability. The germling data present a strong case that 
metal bioavailability is enhanced by reduction in salinities and changes in pH. Lowering 
of salinity below the ideal physiological limits reduced the germination and growth of 
fucoid zygotes in controls that was further reduced by the presence of copper and zinc. 
Dissolved and particulate organic matter present in the tidal rivers and streams bind the 
available “free” metals and reduce the available metals thus protecting the Fucus.
The biofilm on the substrata and algal thallus has several components including 
polysaccharides, bacteria and diatom algal cells. Quantification o f the polysaccharides 
on the pebbles deployed in the plastic baskets, a surrogate for the rock substrata, 
indicated that a biofilm is established at all locations with the trend of amounts increasing 
from winter to spring.
Locating the metals within the Fucus with EDS and chemical analysis showed 
that metals are taken up by the biofilm. Once in the biofilm the metals may enter detrital 
or grazing food chains. When present, the biofilm does reduce overall metal loading to 
the seaweeds, but more work is needed to establish if the biofilm increases along with 
increased metal loading so that more binding sites are available.
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Stormwater reduced significantly fucoid germination. Germination and growth of 
Fucus vesiculosus can also be affected by the addition of copper and zinc to low salinity 
waters. The early and later periods of reproduction of the Fucus germlings may be the 
most vulnerable to metals. Further work should be done to determine the best stormwater 
management methods for estuarine waters. Settling and removal of particulate organic 
matter and metals may not be beneficial to intertidal seaweeds if the volume of the 
stormwater reduces greatly the salinity or pH of the receiving water especially if the 
metals are still present in dissolved bioavailable form. Large amounts of organic matter 
likely resulted in the protection of the germlings by the coarse filtered water from toxic 
concentrations of Cu and Zn.
The advantage of the full salinity and well buffered waters appears to be more 
beneficial than surrounding germlings with a biofilm although the artificial conditions of 
the test may have created this adverse situation. Other beneficial aspects o f germling 
growth on a biofilm were not examined in this study although aspects concerning 
attachment may be positive to germlings.
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APPENDICES
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APPENDIX A:Temperature (C) and Salinity (ppt) from sites in Kittery, Maine



























Oct 10 98 5 31 16 32 17 1.5
28-Dec-98 10 16 8 33
7-Jan-99 1 5 8 34
Jan-11,99 3.5 3 nd 1 n d
Jan-22,99 nd 5 nd nd n d
Jan-31,99 nd 1 nd nd n d
Mar-21,99 5 6 nd nd n d
Apr-11,99 n d nd 13 13 n d
Apr-19,99 9 nd 9 n d n d
Apr-22,99 nd nd nd nd 9
Apr-26,99 10 11 nd nd n d
Jun-16,99 14 nd 15 n d n d
Jun-19,99 nd nd nd nd 18
Aug-6,99 18 33 18 33 19 33 22 33 19 33
Aug-16,99 18 18 18 18 22 19
SC-Spruee Creek, PC-Pepperrell Cove, CC-Chauncey Creek, BBH-Brave Boat Harbor tributary, SP Seapoint Beach
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APPENDIX B: Metals accumulation and distribution within Fucus vesiculosus following 21
day exposure to copper and zinc-July treatments
Station Date Copper (mg/1) Zinc (mg/1) Dry weight (g) /
CtOlB 7/799 0.04 0.15
CtOlM 7/7/99 0.09 0.2
CtOlT 7/7/99 43 mg/Kg 28 mg/Kg 1.26
Ct02B 7/7/99 0.042 0.28
Ct02M 7/7/99 0.027 0.16
Ct02T 7/7/99 1.9 mg/Kg 22 mg/Kg 1.39
CuBl 7/26/99 13.8 0.37
CuMl 7/26/99 6.6 0.36
CuTl 7/26/99 3485 mg/Kg 42 mg/Kg 0.81
ZnOlB 7/26/99 0.06 2.7
ZnOlM 7/26/99 0.100 2.0
ZnOlT 7/26/99 3.6 mg/Kg 3325 mg/Kg 1.21
Zn(l)?SP08 7/26/99 38 mg/Kg 4372 mg/Kg
Zn(2)SP09 7/26/99 39 mg/Kg 3864 mg/Kg
Cu(l)SP10 7/26/99 7642 mg/Kg 60 mg/Kg
Cu(2)SP 11 7/26/99 13800 mg/Kg 130 mg/Kg
Control-0 IB 7/26/99 0.04 0.31
Control-01M 7/26/99 0.1 0.37
Control-0 IT 7/26/99 5.1 mg/Kg 38 mg/Kg 0.49
Control 2(SP07) 7/26/99 3.5 40
LRB 7/26/99 0.04 0.04
LRB 7/26/99 1.1/1.0 1.0/1.0
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APPENDIX C: Metals accumulation and distribution within Fucus vesiculosus following 21
























CT1-B 9/6/1999 0.002 0.00004
CT1-M 9/6/1999 0.002
CT1-T 9/6/1999 8.9 3010 0.026789 0.026789 3.01
Znl-B 9/6/1999 0.002
Znl-M 9/6/1999 0.002
Znl-T 9/6/1999 5.9 1380 0.008142 0.008142 1.38
Cul-B 9/6/1999 10.5
Cul-M 9/6/1999 25
Cul-T 9/6/1999 5031 2290 11.52099 11.52099 2.29
CTO IB 7/7/1999 0.04 0.0008
CT01M 7/7/1999 0.09 0.0018
CTO IT 7/7/1999 43 1260 0.05418 0.05418 1.26
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Brave Boat Harbor-BBHOIA Dec 12320 80
Brave Boat Harbor-BBHOIB Dec TNTC
Brave Boat Harbor-BBHOIA Jan 40 80
Brave Boat Harbor-BBHOIB Jan 560 8160
Brave Boat Harbor-BBHOIC Jan 480 9120
Brave Boat Harbor-BBHOID Jan 560 12000 160
Sea point Beach-SPOIA Jan 5440 80
Seapoint Beach-SPOIB Jan 680 20
Seapoint Beach-SPOlC Jan 700 60 20
Seapoint Beach-SPOID Jan 360 20
Spruce Creek-SCOIA Jan 52000 950 650
Spruce Creek-SCOIB Jan 2880
Spruce Creek-SCOlC Jan TNTC
Spruce Creek-SCOID Jan 1200 160 80 22880
Spruce Creek-SCOIE Jan 960 80 19680
Spruce Creek-SCOIF Jan 1120 21280
Spruce Creek-SCOIG Jan 2720
Spruce Creek-SCOIH Jan 4400 4560 6560
Spruce Creek-SCOlI Jan 320 1600 9680
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APPENDIX E: Polysaccharides (|xg/cm2) on Ascophyllum nodosum measured at different 
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APPENDIX F: Algal cells, cyanobacteria, filamentous bacteria recovered on Ascophyllum 
nodosum












ui pennate 1 245.7
Tabellaria sp. 2
PC06B 12/28/1998




Navicula sp. 2 germling 12.6 0.2%
Gyrosigma sp. 2 5859
ui pennate 39
Licmophora sp. 75
ui pennate (2) 3
PC6A 12/28/1998




ui pennate 4 6381.9
PC07A 12/28/1998
Cocconeis sp. 723 diatom 4567.5 99.9%
Surirella sp. 1 germling 6.3 0.1%
ui pennate 2 4573.8
PC05A 12/28/1998
























Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Appendix F Continued






















Fragilaria sp. 6 12921.3
Synedra sp. 2
PC02B 1/24/1999




Achnanthes sp. 3 germlings 12.6 0.1%
Synedra sp. 1 8681.4
PC01 4/29/1999





ui pennate 5 germling 31.5 1.1%






Cocconeis sp. 1287 diatom 8164.8 99.8%
ui pennate 1 germlings 18.9 0.2%
Fragilaria sp. 6 8183.7
Synedra sp. 2
PCOI 4/29/1999





ui centric 10 1310.4
Licmophora
abbreviata 3 0
ui pennate 1 0
PC02 4/29/1999
165 diatom 1228.5 99.0%
ui coccoid green 25
cyanobacteria/filamentous
eubacteria 6.3 0.5%
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Appendix F Continued



















ui pennate 2 33
ui centric 11
Cocconeis sp. 51 diatom 179.8 96.7%
SP02A 4/29/1999 ui pennate 5
cyanobacteria/filamentous
eubacteria 6.2 3.3%
Tabellaria sp. 1 186
Achnanthes sp. 1
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